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ABSTRACT
Magnetic Resonance Characterization Studies of Sodium and Lithium-based
Energy Storage Materials
by
Daniel Jaime Morales
Advisor: Steve Greenbaum
The widespread use of batteries in commercial products and services and the ever-changing
climate has led to significant financial and environmental incentives to find novel forms of
energy storage and has accelerated research in this field. This thesis discusses the applications of
Nuclear Magnetic Resonance (NMR) Spectroscopy in characterizing and understanding novel
battery materials, with an emphasis on diffusometry and structural characterization. Works
discussed include: the characterization of a glyme-based electrolyte for supercapacitors and on a
family of electrolytes for Na-ion batteries, an investigation of a novel glass-ceramic-polymer
composite electrolyte for all solid state batteries, and the structural characterization of
paramagnetic lithium transition-metal phosphate cathode materials for Li-ion batteries.
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Chapter 1: Introduction
Today’s society has obtained access to increasingly convenient and complex technologies, which
has substantially improved the standard of living. Mobile devices have revolutionized global
communication and access to information, and electric vehicles promise to reduce the use of
non-renewable energy sources, such as oil and coal, along with their associated pollutants.
However, many modern technologies come at the cost of high energy consumption, which nonrenewable sources can provide.
Over the past few decades, novel energy sources, such as solar, wind, and geothermal energy,
has been researched and utilized for commercial use. While these renewable sources exhibit
promise, they are sporadic in nature, and do not supply energy at a constant rate, compared to the
burning of fossil fuels. Batteries are employed to store excess energy, to be used when power
output is low. Thus, there is considerable motivation to improve the output, capacity, and safety
of modern batteries, as well as delve into alternative forms of energy storage.

1.1 - Battery Overview

Simply put, a battery is a device which stores and releases energy through electrochemical
reactions. While a battery can take many different forms, the common modern battery comprises
three components:
1. The Anode, also known as the negative electrode, is the material which is oxidized in the
electrochemical reaction and provides electrons to the external circuit. Current flows into
this electrode.

1

2. The Cathode, also known as the positive electrode, is the material which is reduced in the
electrochemical reaction and received electrons provided by the anode. Current flows out
of this electrode.
3. The Electrolyte acts as an ionically conductive bridge inside the battery between the
anode and cathode, allowing ions to flow in and out of the electrodes and facilitating the
electrochemical reactions.

Figure 1: Components of a battery, demonstrating the flow of charge and cations during charge and
discharge.

1.2 - Lithium Ion Batteries

The most common battery in use is the lithium-ion battery, due to the high energy density of
Lithium During a charge or discharge cycle, lithium ions flow between the anode and cathode
through the electrolyte. While these batteries have become widespread in portable technologies,
there are still much room for improvement through research and development of both electrodes
and electrolytes.

2

1.2.1 - Lithium Ion Battery Electrodes

The choice of electrodes directly affects the capacity, power density, and energy density of the
battery1. On the anode side, graphite has endured as the most common choice for batteries, as it
exhibits low volume expansion, good electrochemical performance, and is affordable2. A more
ideal material would be Lithium metal, as it exhibits a theoretical energy density nearly ten times
that of graphite. However, the major drawback stems from its incompatibility with liquid
electrolytes. In this system, the lithium ions do not plate correctly during charge/discharge,
leading to the evolution of Lithium ‘dendrites’; these build up on the surface of the anode until
they pierce the electrolyte and create a short-circuit.
Most common cathode materials comprise lithium phosphates or oxides and transition metals,
typically a mixture of Ni, Mn, and Co (eg: 𝐿𝑖𝑁𝑖.33 𝑀𝑛.33 𝐶𝑜.33 𝑂2), or iron (LiFePO4).
1.2.2 - Lithium Ion Battery Electrolytes

In a battery, the electrolyte plays an important role in shuttling ions to and from each electrode.
As measures of electrolyte performance, an ideal electrolyte should maintain a high ionic
conductivity, exhibit stability from -40°C to 70°C (the standard operating range for a battery),
and support a wide electrochemical window.3
To date, the most common electrolyte material found in Li-ion batteries comprises a lithium salt
in an organic solvent, typically lithium hexafluorophosphate (𝐿𝑖𝑃𝐹6 ) or lithium
bis(trifluoromethanesulfonyl)amide (LiTFSI) dissolved in mixtures of ethylene carbonate (EC),
dimethyl carbonate (DMC), propylene carbonate (PC), or other carbonates.

3

While organic electrolytes are used for their power density and compatibility with common
electrodes, they are prone to a number of drawbacks. The volatility of the organic solvents can
lead to a ‘thermal runaway’ event, where an excessively high temperature triggers a positivefeedback loop of exothermic reactions, resulting in fire/explosion.

1.3 - Na-ion Batteries

Because Li-ion batteries continue to see widespread use, the price for lithium metal has
significantly increased over the last 5 years due to increased demand. In addition, the process to
extract lithium from ore itself carries a large environmental impact4. This has fueled research
into alternative forms of rechargeable batteries. Batteries which utilize sodium ions (SIB) are a
promising alternative, as sodium is globally available in the Earth’s crust and seawater, leading
to low costs per kg. The main drawbacks to using sodium are the higher redox potential and the
greater atomic mass and ionic radius, resulting in a lower theoretical energy density5. However,
in stationary applications, such as home and grid-scale storage, these drawbacks can be
mitigated, as the size of the battery becomes less of an issue.

1.4 - Electric Double-Layer Capacitors (Supercapacitors)

Electric Double-Layer Capacitors (EDLCs) are a family of high-capacity capacitors, with a
capacitance many times greater than traditional parallel-plate capacitors. While a battery boasts a
greater energy density, EDLCs are well-suited to applications that require large, short power
bursts, and can tolerate significantly more charge/discharge cycles.
Unlike traditional capacitors, EDLCs rely on the principle of double-layer capacitance. They
typically use large surface-area electrodes, such as porous carbon6, separated by a mechanical
4

separator, but connected ionically through an electrolyte. Applying a voltage to each electrode
attracts ions in the electrolyte of the opposite charge. This forms an ‘electrical double layer’ at
each electrode, comprising a layer of ions and the electrode, separated by a single layer of the
solvent molecule, which also serves as the dielectric. This resembles two parallel plate capacitors
in series; the small separation distance of a few angstroms leads to incredibly high capacitances
(~0.1 – 1000F).

Figure 2: A general schematic describing the charge/discharge cycle in an EDLC. Note the double
layers which form on both electrolytes.

Much research into improving EDLCs has gone into finding new candidate electrolytes. The
ideal electrolyte should maintain high ionic conductivity and mobility, electrochemical stability,
good solvation, and withstand a large voltage window, as in the case of batteries7.
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Chapter 2: Nuclear Magnetic Resonance
Nuclear magnetic resonance spectroscopy is a powerful tool which can exploit the magnetic
properties of atomic nuclei, to characterize various material systems. Though it is commonly
employed in a chemistry setting to verify the existence of certain chemical species, it is also
possible to explore the dynamics of a system, as well as extract fundamental properties.

All atomic nuclei which possess non-zero spin angular momentum also possess a magnetic
moment. This is expressed as:
𝝁=𝜸∙𝑰

(𝟐. 𝟏)

Where 𝝁 is the magnetic moment, 𝑰 is the nuclear spin, and 𝛾 is the gyromagnetic ratio, an
intrinsic quantity to the nucleus in question. From Quantum Mechanics, the nuclear spin is
quantized, which implies that the magnetic moment is also quantized:
𝐼𝑧 = 𝑚ℏ

(𝟐. 𝟐)

Where m ranges from -I to I.

2.1 - Zeeman Effect

Magnetic moments can exist in free space with no preferred orientation. However, upon the
introduction of a magnetic field 𝑩𝟎 , the magnetic moment will experience a torque, and will
attempt to align with the field, which results in precession:
𝝉 = 𝝁 × 𝑩𝟎

(𝟐. 𝟑)
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The associated energy of this interaction between moment and field is:
𝐸 = −𝝁 ∙ 𝑩𝟎 = −𝛾𝑰 ∙ 𝑩𝟎

(𝟐. 𝟒)

The preferred alignment of the moment is with the field, as the energy is lower. If 𝐵0 is along the
laboratory z-axis, then the expression reduces to:
𝐸 = −𝜇𝑧 𝐵0 = −𝛾𝐼𝑧 𝐵0 = −𝛾𝑚ℏ𝐵0

(𝟐. 𝟓)

Because the nuclear spin is quantized and can take a (2I + 1) values, the result is a splitting of
energy levels of the system, known as the Zeeman Effect. The difference between any two
adjacent energy levels is:
Δ𝐸 = −[𝛾(𝑚 + 1)ℏ𝐵0 − 𝛾𝑚ℏ𝐵0 ] = 𝛾ℏ𝐵0

(2.6)
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Figure 3: Diagram of the Zeeman Energy splitting of a spin ½ system.

The energy splitting is dependent on the gyromagnetic ratio of the nucleus and the strength of the
applied magnetic field. If a nucleus is in a particular energy level, it is possible to excite it to a
higher level if enough energy is applied to meet the gap between those two levels. It is known
that a photon carries energy proportional to its frequency:
𝐸 = ℎ𝜈 = ℏ𝜔

(2.7)

Thus, photons will only excite nuclei from one state to another if they meet the resonance
condition:
𝜔 = 𝛾𝐵0

(2.8)

The 𝛾 of most nuclei is such that the frequency of the photon is normally in the RF regime.
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In a sample, there are many atomic nuclei interacting with the magnetic field (~1023). MaxwellBoltzmann Statistics can be used to describe this ensemble of nuclei, and quantify the ratio of
populations of two energy levels:
Δ𝐸
𝑁𝛼
= 𝑒 𝑘𝐵 𝑇
𝑁𝛽

(2.9)

Here, 𝛼 and 𝛽 correspond to the lower and upper energy levels, respectively. To first order, this
ratio becomes:
Δ𝐸

𝑒 𝑘𝐵 𝑇 ≈ 1 +

Δ𝐸
𝑘𝐵 𝑇

(2.10)

In thermal equilibrium, the two energy levels are nearly equal, with the lower energy level
having a slightly higher population. The net magnetization 𝑴 of the system is the vector sum
total of all the induced magnetic moments, or in the case of two energy levels:
𝑴 = ∑ 𝝁𝒊 = ∑ 𝝁𝜶𝒊 + ∑ 𝝁𝜷𝒊
𝑖

𝑖

(2.11)

𝑖

It is assumed that in equilibrium, 𝑴 is entirely in the direction of the external field, i.e. 𝑀⊥ = 0.
In an NMR setup, a solenoid coil is placed perpendicular to the external applied field. This coil
produces a secondary magnetic field, 𝑩𝟏 , such that the 𝑴 will now precess about the new field
𝑩 = 𝑩𝟎 + 𝑩𝟏 in the lab frame. This secondary field is oscillatory in nature, the frequency of
which is chosen to meet the resonance condition derived earlier – i.e. the Larmor frequency8:
𝑩𝟏 = 𝐵1 [cos(𝜔0 𝑡) 𝒊̂ − sin(𝜔0 𝑡) 𝒋̂]

(2.12)
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a)

b)

Figure 4: a) Illustration of the magnetic moments precessing about an external field 𝑩𝟎 . b) In the
rotating frame, application of a secondary field 𝑩𝟏 results in the magnetization tilting onto the x-y
plane.

This description is simplified in a reference frame that is rotating at the same Larmor frequency
of the precessing spins. Before 𝑩𝟏 is applied, the spins will appear stationary. Application of 𝑩𝟏
results in the spins appearing to precess about only 𝑩𝟏 , which shifts the magnetization from the z
axis onto the x-y plane. The shift is dependent on the time over which 𝑩𝟏 is applied, and as such,
can be controlled. If 𝑩𝟏 is pulsed for a time t, then the degree which the magnetization is tipped
is8:
𝜃 = 𝛾𝑡𝐵1

(2.13)
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A 90° pulse tips the magnetization entirely onto the x-y plane, and is a standard pulse used in
NMR experiments.

2.2 - NMR Relaxation

In the rotating frame, the magnetization tips from the z axis to the x-y plane through the
application of a pulsed field 𝑩𝟏 . However, since 𝑩𝟎 is present even after 𝑩𝟏 is pulsed, 𝑴 will
attempt to relax back to equilibrium. This relaxation occurs along the z direction and the xy
plane, so the relaxation can be split into two components. In the longitudinal direction, the spins
will attempt to reorient themselves in the +z direction through energy exchange with the
surrounding thermal environment, known as the ‘lattice’. The resulting expression for the
buildup of longitudinal magnetization is:

𝑀𝑧 (𝑡) = 𝑀0 (1 − 𝑒

−

𝑡
𝑇1 )

− 𝑀𝑧 (0)𝑒

−

𝑡
𝑇1

(2.14)

Where 𝑀𝑧 (0) is whatever initial magnetization exists in the z direction, and 𝑀0 is the
magnetization at thermal equilibrium. The characteristic time 𝑇1 describes the relaxation along
the z direction.
In the xy-plane, the spins lose transverse magnetization through various nuclear interactions and
small inhomogeneities in the magnetic field. In the rotating frame. the expression for transverse
relaxation is:

𝑀𝑥𝑦 (𝑡) = 𝑀𝑥𝑦0 𝑒

−

𝑡
𝑇2

(2.15)
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Here 𝑀𝑥𝑦0 is the initial magnetization in the xy-plane and 𝑇2 is the characteristic time describing
the transverse relaxation.
(a)

(b)

Figure 5: Diagrams showing the relaxation of the longitudinal (a) and transverse (b) magnetizations
with time.

2.3 - Self-Diffusion and NMR Diffusometry

An important quantity for battery electrolytes is the ionic conductivity, which measures the
mobility of ions in response to an applied electric field. In the context of Brownian motion and
self-diffusion (the absence of an electric field), the ionic conductivity of a material is defined by
the Nernst-Einstein relation9:

𝜎=

𝐹 2 [𝐶]
[𝐷+ + 𝐷− ]
𝑅𝑇

(2.16)

Here 𝜎 is the conductivity, F is Faraday’s constant, R is the ideal gas constant, and 𝐷+ and 𝐷−
refer to the self-diffusion coefficients of the cation and anion, respectively.
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In NMR spectroscopy, the measurement of this self-diffusion coefficient can be accomplished
using a pulsed-field gradient spin echo sequence (PFGSE). In this experiment, the standard 90degree pulse is applied, leading to a transverse magnetization (in the rotating frame):
𝑡

𝑀(𝑡) = 𝑀0 𝑒 −𝑇2

(2.17)

A magnetic field gradient G(t) is applied for a time 𝛿. This adds with the present 𝐵0 to form the
new external field:
̂
𝑩𝑧 = 𝐵0 + 𝑮 ∙ 𝒓 𝒌

(𝟐. 𝟏𝟖)

Figure 6: Pulsed-Field Gradient Echo Pulse Sequence.

The effect of altering the net magnetic field induces a phase shift to the magnetization10:

𝑀 = 𝑀0 𝑒

−

𝑡
𝑇2 𝑒 𝑖𝜔𝑡

= 𝑀0 𝑒

−

𝑡
𝑇2

𝑒

−𝑖𝛾 𝑮∙𝒓 𝑡

(2.19)
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In the absence of diffusion, the differential equation governing the time evolution of the
magnetization is11:
𝜕𝑀
1
= (−𝑖𝛾𝑮(𝒕) ∙ 𝒓 − ) 𝑀
𝜕𝑡
𝑇2

(2.20)

The solution of which is:

𝑀(𝒓, 𝑡) = 𝑀0 𝑒

−

𝑡
𝑇2 𝑒 −𝑖𝛾𝒓∙𝑭(𝑡)

(2.21)

Where
𝑡

𝑭(𝑡) = ∫ 𝑮(𝑡 ′ )𝑑𝑡 ′

(2.22)

0

The integral in this equation describes the ‘spatial encoding’ caused by the pulsed gradient. This
has the effect of dephasing the spins in the sample; application of a 𝜋 pulse and a second gradient
pulse identical to the first will invert the spins and allow them to rephase (assuming minimal
diffusion), resulting in a typical spin echo.
To include the effects of diffusion on the time evolution, the differential equation (2.20) must be
augmented by Fick’s 2nd law:
𝜕𝑀
= 𝐷∇2 𝑀
𝜕𝑡

(2.23)

Where ∇2 is the Laplacian with respect to the spatial variable r. The new differential equation
becomes:
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𝜕𝑀
1
= (−𝑖𝛾𝑮 ∙ 𝒓 − ) 𝑀 + 𝐷 ∇2 𝑀
𝜕𝑡
𝑇2

(2.24)

Using the previous solution as an ansatz and allowing the constant to vary in time (𝑀0 → 𝑀0 (𝑡))
leads to:
𝜕𝑀 𝑑𝑀0 −𝑇𝑡 −𝑖𝛾𝒓∙𝑭(𝑡)
𝑑𝑭(𝒕) 1 −𝑇𝑡 −𝑖𝛾𝒓∙𝑭(𝑡)
2
(𝑡)
𝐿𝐻𝑆:
=
𝑒 𝑒
+ 𝑀0 (−𝑖𝛾𝒓 ∙
− ) 𝑒 2𝑒
𝜕𝑡
𝑑𝑡
𝑑𝑡
𝑇2

(2.25)

𝑅𝐻𝑆: − 𝑖𝛾𝑮 ∙ 𝒓 𝑀 + 𝐷 ∇2 𝑀

= (−𝑖𝛾𝑮 ∙ 𝒓 −

𝑡
𝑡
1
−
−
) 𝑀0 (𝑡)𝑒 𝑇2 𝑒 −𝑖𝛾𝒓∙𝑭(𝑡) − 𝐷𝑀0 (𝑡)[𝛾𝑭(𝑡)]2 𝑒 𝑇2 𝑒 −𝑖𝛾𝒓∙𝑭(𝑡)
𝑇2

(2.26)

Equating both sides and dropping like terms leads to:
𝑑𝑀0 (𝑡)
= −𝐷𝑀0 (𝑡)[𝛾𝑭(𝑡)]2
𝑑𝑡
𝑑𝑀0
= −𝐷[𝛾𝑭(𝑡)]2 𝑑𝑡
𝑀0
2𝜏

𝑀0 (2𝜏)
ln (
) = ∫ −𝐷[𝛾𝑭(𝑡)]2 𝑑𝑡
𝑀0 (0)

(2.27)

0

The evaluation of this integral, an integral of a functional, is complex and depends on the timing
of the rf pulses and form of the gradient pulse used, but can be evaluated in closed form. For a
PFGSE experiment following Fig. 6, with encoding/decoding pulses of gradient strength g, a
diffusion time Δ, and a pulse gradient time 𝛿, the expression evaluates to the Stejskal-Tanner
equation12:

15

δ
𝑀0 (2𝜏)
−𝐷𝑔2 𝛿 2 𝛾2 [Δ− ]
3
=𝑒
𝑀0 (0)

(2.28)

This relation is gaussian in nature with respect to the gradient strength. In a diffusion experiment,
the typical PFGSE sequence utilizes fixed pulses and diffusion times, but with increasing
gradient strength. The spectral intensities are then integrated and plotted against the gradient
strength. Since all other variables are known, the fitting yields a result for D.

Normalized Intensity
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Figure 7: Integrated 23Na NMR intensities versus gradient strength for 0.8m NaPF6 at 25°C. Fitting
of the data with the Stejskal-Tanner relation yields 𝑫𝑵𝒂 .

While Fig.6 displays the basic PFGSE sequence, more complex sequences may be used
depending on the situation. For certain materials and temperatures, 𝑇2 may be prohibitively short
to store the magnetization in the transverse plane. In this case, one may utilize a stimulated echo
𝜋

𝜋

sequence; after the initial 2 pulse and gradient pulse, a second 2 pulse can be used to store the
magnetization along the longitudinal axis, relaxing according to the longer 𝑇1 .
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Figure 8: NMR pulse sequence of a standard Pulsed Field Gradient Spin Echo (PFGSE) experiment.

At elevated temperatures, the standard PFGSE/stimulated echo sequences run into the issue of
convection. Due to uneven heating in a sample, a thermal gradient will lead to an ordered
movement of particles from high temperature regions to lower temperature regions. In NMR, this
has the effect of introducing an additional phase factor to the magnetization13:
𝑡

e𝑖φ𝑐𝑜𝑛𝑣 = e(−𝑖𝛾 ∫0 𝑮(𝑡

′ )∙𝒗

𝑐𝑜𝑛𝑣 (𝑡

′ )𝑡 ′ 𝑑𝑡 ′ )

(2.29)

which does not factor out after completing the standard pulse sequence. This leads to erroneously
high calculations of the self-diffusion coefficient D.
To compensate for this extra phase factor, the pulse sequence may be adjusted. One may
introduce two sets of encoding and decoding gradient pulses with opposing orientation, which
can average out the convection-induced phase factor13.
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Figure 9: NMR pulse sequence of a convection-compensated PFGSE, comprising two rounds of
PFGSE diffusion.

In addition to calculating the ionic conductivity, the transference number, corresponding to the
fraction of current carried by the cation, can be computed:

𝑡+ =

𝐷+
𝐷+ + 𝐷−

(2.30)

This number, and the ionic conductivity, are accurate only in the case of complete solvation of
the electrolyte in question. NMR does not distinguish between free ions and neutral ion pairs, so
the previous expression for conductivity is an upper limit. By comparing this quantity to a direct
measurement, it is also possible to determine the degree of ion association, 𝛼, in the material:
𝛼 = 1−

𝜎𝑑𝑖𝑟𝑒𝑐𝑡
𝜎𝑁𝑀𝑅

(2.31)

2.4 - Solid State NMR

Regular NMR experiments on liquids often result in sharp peaks and clear Lorentzian lineshapes.
This is due to the isotropic and rapid dynamic nature of liquids, averaging out of many of the
18

orientation-dependent nuclear interactions. However, in the solid state, these interactions are no
longer averaged out, and the environment is anisotropic in nature. This leads to complex spectra
with broad lineshapes (~10-100kHz) and lower resolution compared to liquid spectra. However,
fitting of the lineshapes can provide fundamental details on the structure of the material, and
electronic and magnetic environment of the nucleus in question.

Figure 10: Differences in spectral line-shape of solution and solid-state NMR. Though more complex,
it contains vital information on the anisotropic magnetic environment.

In general, the sum total of Zeeman and other magnetic interactions can be expressed in terms of
a single Hamiltonian:
𝐻 =𝑰∙𝑨∙𝑩

(𝟐. 𝟑𝟐)
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Here A is a rank-2 tensor encompassing the various interactions:
𝐴𝑥𝑥
𝑨 = (𝐴𝑦𝑥
𝐴𝑧𝑥

𝐴𝑥𝑦
𝐴𝑦𝑦
𝐴𝑧𝑦

𝐴𝑥𝑧
𝐴𝑦𝑧 )
𝐴𝑧𝑧

(𝟐. 𝟑𝟑)

As A is a tensor, it can be diagonalized into a frame where only diagonal components exist,
known as the principal axis system:
𝐴11
( 0
0

0
𝐴22
0

0
0 )
𝐴33

(2.34)

Figure 11: Principal Axis System of a tensor with respect to the lab axes.

In this tensor representation, the Hamiltonian is split as:
𝐻 = 𝐻𝑍 + 𝐻𝐷 + 𝐻𝑄 + 𝐻𝐶𝑆 + ⋯
20

The Zeeman Hamiltonian is typically the strongest, and the most prevalent. In addition to the
external field, the other nuclear spins in the material produce their own local magnetic fields, and
act as a perturbation. A quadrupolar nucleus has spin > 1/2, and as such maintains a nonspherical charge distribution, which can interact with any electric field gradients present.

2.4.1 - Chemical Shielding

The chemical shift interaction is a fundamental part of both solid and liquid state NMR. The
external field 𝐵0 affects not only the nucleus, but the orbiting electrons as well. These electrons
will produce smaller local magnetic fields, proportional to the external field strength. This
proportionality can be expressed in terms of a shielding tensor 𝝈
⃡:
⃡−𝝈
𝑩𝑡𝑜𝑡 = 𝑩𝟎 + 𝑩𝑙𝑜𝑐𝑎𝑙 = 𝑩0 − 𝝈
⃡ ∙ 𝑩0 = (𝟏
⃡ ) ∙ 𝑩𝟎

(𝟐. 𝟑𝟓)

where ⃡
𝟏 is the 3x3 identity matrix. The negative sign is chosen by convention; what is measured
in experiments is the chemical shift ⃡
𝜹 defined as ⃡
𝜹=−𝝈
⃡ . The resulting Hamiltonian is then:
⃡−𝝈
𝐻 = −𝝁𝑁 ∙ 𝑩𝑡𝑜𝑡 = −𝛾𝑰𝑁 ∙ (𝟏
⃡ ) ∙ 𝑩𝟎

(𝟐. 𝟑𝟔)

The ‘shifted’ Larmor frequency associated with this new field can be subtracted from a
convenient reference frequency:
𝜔 − 𝜔0 = 𝜔𝑠ℎ𝑖𝑓𝑡 = −𝛾[𝝈 ∙ 𝑩𝟎 ]𝒛

(𝟐. 𝟑𝟕)

Thus, the shift Hamiltonian can be expressed as:
𝐻𝐶𝑆 = −𝛾𝑰𝑁 ∙ 𝝈
⃡ ∙ 𝑩𝟎

(𝟐. 𝟑𝟖)
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The shielding tensor is also a 3x3 matrix, which when diagonalized has three principal axis
system components:

⃡ 𝑷𝑨𝑺
𝝈

𝜎11
0
(
=
0

0
𝜎22
0

0
0 )
𝜎33

(2.39)

By the standard convention, the principal components are such that 𝜎11 ≤ 𝜎22 ≤ 𝜎33 . The
isotropic chemical shift, which is measured in liquid state or high speed MAS NMR, is defined
by the trace of this tensor:
1
𝜎𝑖𝑠𝑜 = (𝜎11 + 𝜎22 + 𝜎33 )
3

(2.40)

2.4.2 – Quadrupolar interaction

The nuclear quadrupolar interaction, aside from the Zeeman interaction, is commonly one of the
strongest interactions in NMR. It is due to the electronic interaction between the nuclear charge
distribution and the surrounding electric field gradient (EFG). This interaction only occurs if the
nucleus has spin > ½, so nuclei such as 1H, 19F, and 31P are not affected. The general form of the
quadrupolar Hamiltonian is14:

𝐻𝑄 =

𝑒𝑄
𝑰∙𝑽∙𝑰
2𝐼(𝐼 − 1)ℏ

(𝟐. 𝟒𝟏)
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Where I is the nuclear spin, and V is the EFG tensor at the nucleus, a rank-2 tensor (3x3 matrix),
and Q is the nuclear quadrupole moment. The EFG tensor can be diagonalized, and in its PAS
frame the Hamiltonian becomes:

𝐻𝑄𝑃𝐴𝑆 =

𝑒 2 𝑞𝑄
[3𝐼 2 − 𝐼(𝐼 + 1) + 𝜂𝑄 (𝐼𝑥2 − 𝐼𝑦2 )]
4𝐼(2𝐼 − 1)ℏ 𝑧

𝜂𝑄 =

𝑉11 − 𝑉22
, 𝑉33 = 𝑒𝑞
𝑉33

(2.42)

(2.43)

Where 𝜂𝑄 is the quadrupolar asymmetry parameter, and 𝑉33 = 𝑒𝑞 is the largest principal
component. Here e is the magnitude of the electron charge and q has no physical meaning in SI
units. In the NMR literature, the quadrupole coupling constant, QC =

𝑒 2 𝑞𝑄
ℏ

is commonly reported,

and is used to indicate the size of the quadrupolar interaction.
The quadrupolar Hamiltonian can be treated as a perturbation to the Zeeman Interaction, and
corrected Zeeman Energy up to 2nd order is14:
(1)

(2)

𝐸 = 𝐸0 + 𝐸𝑚 + 𝐸𝑚
= ℏ𝜔0 +

(2.44)

𝑄𝑐
1
[(𝐼(𝐼 + 1) − 3𝑚2 ]( (3 cos 2 𝜃 − 1) − 𝜂𝑄 𝑐𝑜𝑠2𝜙(cos2 𝜃 − 1)) −
4𝐼(2𝐼 − 1)
2
𝑄𝑐2 𝑚
1
− [𝐼 (𝐼 + 1) − 3𝑚2 ](3 + 𝜂𝑄2 ) +
4𝐼(2𝐼 − 1)𝜔0 5
1
(8𝐼(𝐼 + 1 − 12𝑚2 − 3)[(𝜂𝑄2 − 3)(3 cos 2 𝜃 − 1) + 6𝜂𝑄 sin2 𝜃 𝑐𝑜𝑠2𝜙 +
28

1
1
(18𝐼(𝐼 + 1) − 34𝑚2 − 5)[
(18 + 𝜂𝑄2 )(35 cos 4 𝜃 − 30 cos2 𝜃 + 3) +
8
140
23

3
1
𝜂𝑄 𝑠𝑖𝑛𝜃(7 cos 2 𝜃 − 1)𝑐𝑜𝑠2𝜙 + 𝜂𝑄2 sin4 𝜃 𝑐𝑜𝑠4𝜙]]
7
4

(2.45)

Where m is the magnetic quantum number, ranging from -I to I, and 𝜃 and 𝜙 are the polar and
azimuthal angles relating the orientation of the EFG PAS axes with respect to the magnetic field.

2.4.3 - Dipolar Interaction

The interaction between two magnetic dipoles is a significant contributor to line broadening and
to fast relaxation seen in solid state NMR. Put simply, it is due to a dipole 𝝁𝟏 coupling with the
field produced by a nearby dipole 𝝁𝟐 at a distance r away:
𝐻𝑑𝑖𝑝 = −𝝁𝟏 ∙ 𝑩𝝁𝟐

(𝟐. 𝟒𝟔)

The interaction energy is given by Jackson15:

𝐻=

𝜇0 [(𝝁𝟏 ∙ 𝝁𝟐 ) − 3(𝝁𝟏 ∙ 𝒓̂)(𝝁𝟐 ∙ 𝒓̂)]
4𝜋
𝑟3

(2.47)

Representing the moments in terms of the nuclear spins:

𝐻=

𝜇0 𝛾1 𝛾2 ℏ2
[𝑰𝟏 ∙ 𝑰𝟐 − 3𝑰𝟏 ∙ (𝒓̂ ⊗ 𝒓̂) ∙ 𝑰𝟐 ]
3
4𝜋 𝑟12

= 𝑏12 [3𝑰𝟏 ∙ (𝒓̂ ⊗ 𝒓̂) ∙ 𝑰𝟐 − 𝑰𝟏 ∙ 𝑰𝟐 ] = 𝑏12 𝑰𝟏 ∙ ⃡𝑫 ∙ 𝑰𝟐

(𝟐. 𝟒𝟖)
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Figure 12: Diagram detailing the orientation dependence of nuclear dipole coupling. The interaction is
dependent on the internuclear distance r and the angle relative to the external field 𝜽.

𝜇

Here 𝑏12 = − 4𝜋0

𝛾1 𝛾2 ℏ
3
𝑟12

is the dipolar coupling constant, 𝒓̂ ⊗ 𝒓̂ is the tensor outer product and
⃡𝑫 = 𝟑(𝒓̂ ⊗ 𝒓̂) − ⃡
𝟏

(𝟐. 𝟒𝟗)

3
Is the dipole coupling tensor. Clearly, this interaction is inversely proportional to 𝑟12
and is

dependent on both the product of gyromagnetic ratios (heteronuclear vs homonuclear) and the
relative orientation between nuclei. Representing the unit vectors using spherical coordinates:
𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜙
𝑟̂ = ( 𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜙 )
𝑐𝑜𝑠𝜃
3 sin2 𝜃 cos 2 𝜙 − 1
⃡𝑫 = (3 sin2 𝜃 𝑐𝑜𝑠𝜙 𝑠𝑖𝑛𝜙
3𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃 𝑐𝑜𝑠𝜙

3 sin2 𝜃 𝑐𝑜𝑠𝜙 𝑠𝑖𝑛𝜙
3 sin2 𝜃 sin2 𝜙 − 1
3𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜙

(2.50)

3𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃 𝑐𝑜𝑠𝜙
3𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜙 )
3 cos 2 𝜃 − 1

(2.51)
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The interaction between two spins and the dipolar tensor can be split into 6 components. With a
sufficiently high external magnetic field, one may use the ‘secular approximation’ to simplify the
interaction significantly. In the homonuclear case:

𝐻𝑑𝑖𝑝 = 𝑏12

(3 cos2 𝜃 − 1)
∙ (3𝐼1𝑧 𝐼2𝑧 − 𝑰𝟏 ∙ 𝑰𝟐 )
2

(𝟐. 𝟓𝟐)

Whereas in the heteronuclear case:
𝐻𝑑𝑖𝑝 = 𝑏12 (3 cos 2 𝜃 − 1) 𝐼1𝑧 𝐼2𝑧

(2.53)

2.4.4 - Paramagnetic Hyperfine Interaction

There are a number of different interactions that contribute to the chemical shielding tensor
formulism, but in certain materials, the paramagnetic hyperfine interaction is the most significant
contribution. The presence of localized paramagnetic entities - unpaired electrons – and
delocalized electron density can produce large shifts on the order of ~1000 ppm. The hyperfine
interaction can be split into two components: the through-space ‘pseudocontact’ interaction, and
the through-bond ‘Fermi contact’ interaction.
The pseudocontact interaction behaves similarly to the dipolar interaction, with the exception
that the electron moments are dependent on both the applied field and temperature. To begin, the
Hamiltonian can be expressed as:
̂𝑃𝐶 = −𝝁𝑁 ∙ 𝑩𝑆
𝐻

(2.54)
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=

−𝜇0
𝝁𝑁 ∙ 〈𝝁𝒆𝒊 〉
(𝝁𝑁 ∙ 𝒓̂𝑖 )(𝒓̂𝑖 ∙ 〈𝝁𝒆𝒊 〉)
∑
−3
3
4𝜋ℏ
𝑟𝑖
𝑟𝑖3
𝑖

(2.55)

Where 〈𝝁𝒊 〉 is the ith thermally averaged paramagnet. This can be represented using the dipolar
coupling tensor:
̂𝑃𝐶 =
𝐻

=

𝜇0
𝝁 ∙ ∑ ⃡𝑫𝑖 ∙ 〈𝝁𝒆𝒊 〉
4𝜋ℏ 𝑁
𝑖

𝜇0 𝛾
⃡ 𝑖 ∙ 〈𝝁𝒆𝒊 〉
𝑰 ∙∑𝑫
4𝜋 𝑁
𝑖

(2.56)

The thermally averaged electron moment can be expressed in terms of directly measurable
values, such as the g tensor:
〈𝝁𝒆 〉 = −𝜇𝐵 〈𝑺〉 ∙ 𝒈

𝒈=

1
𝑺 ⊗ (𝑔𝑠 𝑺 + 𝑔𝐿 𝑳)
𝑆(𝑆 + 1)

(𝟐. 𝟓𝟕)

(𝟐. 𝟓𝟖)

Under thermal averaging, the moment becomes:

〈𝝁𝒆 〉 =

𝑆(𝑆 + 1)𝜇𝐵2
𝒈 ∙ 𝒈 ∙ 𝑩𝟎
3𝑘𝑇

(𝟐. 𝟓𝟗)

so that the simplified Hamiltonian becomes:

̂𝑃𝐶 =
𝐻

𝜇0 𝛾𝑆(𝑆 + 1)𝜇𝐵2
𝑰𝑁 ∙ ∑ ⃡𝑫𝑖 ∙ 𝒈 ∙ 𝒈 ∙ 𝑩0
12𝜋𝑘𝑇
𝑖

(2.60)

Finally, the Hamiltonian can be equated with the general form of the CSA interaction to
determine the pseudocontact shift tensor:

𝝈𝑷𝑪

𝜇0 𝑆(𝑆 + 1)𝜇𝐵2
=−
∑ ⃡𝑫𝑖 ∙ 𝒈 ∙ 𝒈
12𝜋𝑘𝑇
𝑖

(2.61)
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⃡ 15:
One may wish to express this shift instead in terms of the Magnetic Susceptibility, 𝝌

𝝈𝑃𝐶 =

⃡ − 3𝒓̂𝑖 ⊗ 𝒓̂𝑖 ]
[𝑰
1
⃡
∑
∙𝝌
4𝜋
𝑟𝑖3
𝑖

(𝟐. 𝟔𝟐)

The second half of the paramagnetic interaction, the Fermi Contact, arises from delocalized
electrons which travel through-bond to the nucleus site. This interaction is dependent on a nonzero electron probability density at the nucleus site: |𝜓𝑠 (𝑟 = 0)|2. The Hamiltonian for this term
can be written as:
𝐻𝐹𝐶 = −𝐼𝑁 ∙ ∑ 𝑨𝑖 ∙ 〈𝑺〉𝑖

(𝟐. 𝟔𝟑)

𝑖

The thermal average of the electron spin, similar to the electron moment, is dependent on the g
tensor and the external field 𝑩0 :

𝐻𝐹𝐶 = −𝐼𝑁 ∙ ∑ 𝑨𝑖 ∙ [−
𝑖

𝑆(𝑆 + 1)𝜇𝐵
] 𝒈 ∙ 𝑩𝟎
3𝑘𝑇

(𝟐. 𝟔𝟒)

The hyperfine coupling Tensor 𝑨𝑖 is isotropic, and can be expressed as:

𝑨=

𝐴
⃡
𝑰
ℏ

(𝟐. 𝟔𝟓)

𝐴

Here ℏ is the hyperfine coupling constant (in Hz), and contains information on the electron
density17:
𝐴 2
= 𝜇 〈𝝁 ∙ 𝝁 〉|𝜓(0)|2
ℏ 3 0 𝒏 𝒆

(2.66)
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By comparing the Fermi contact Hamiltonian with the general chemical shift Hamiltonian, the
Fermi contact shift tensor can be written as:
𝐻𝐹𝐶 = −𝑰𝑁 ∙ 𝝈𝐹𝐶 ∙ 𝑩0

𝝈𝐹𝐶 = −

𝑆(𝑆 + 1)𝜇𝐵 𝐴
( )𝒈
3𝑘𝑇𝛾
ℏ

(2.67)

(𝟐. 𝟔𝟖)

2.4.5 - Magic Angle Spinning (MAS) and Cross Polarization
In these three interactions, there is a clear 3 cos 2 𝜃 − 1 dependence, which describes the
anisotropy of each interaction. This anisotropy can make it difficult to discern between peaks in a
solid state spectrum, but it is possible to compensate for this. By taking a powder sample and
rotating it along an arbitrary axis relative to the magnetic field, the orientational dependence
becomes18,19:
〈3 cos2 𝜃 − 1〉 = 〈3 cos 2 𝜃𝑟 − 1〉〈3 cos2 𝛽 − 1〉

(2.69)

Where 𝜃𝑟 is the angle between the axis of rotation and the magnetic field, and 𝛽 is an arbitrary
angle between the axis of rotation and the nuclear spin vector, which may change with differing
nuclei pairs. 𝛽 is a constant, but 𝜃𝑟 can be tuned by the experimenter; setting this angle to the
root of the equation 3 cos2 𝜃𝑚 − 1 = 0:
1
𝜃𝑚 = arccos ( ) ≈ 54.7°
√3

(2.70)
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Figure 13: A schematic of a sample undergoing Magic Angle Spinning, defined as 54.7° relative to the
external field.

yields an average value of 0; this angle is known as the ‘magic angle’. In an NMR spectrum,
spinning a sample at the magic angle will “average out” any anisotropy and leave only isotropic
peaks, with spinning sidebands a distance away equal to the spinning speed. This leads to an
overall increase in signal resolution, at the cost of information on the anisotropy.
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Figure 14: Static and MAS 7Li NMR of 𝑳𝒊𝒙 𝑵𝒂𝟑−𝒙 𝑴𝒈𝒁𝒓(𝑷𝑶𝟒 )𝟑. Note the decreased linewidth and
presence of sidebands in the spinning sample.

2.4.6 – Cross Polarization NMR Spectroscopy

When performing NMR on low sensitivity/abundance nuclei, there is considerable difficulty in
obtaining spectra with adequate resolution. This can be mitigated with a technique known as
cross-polarization (CP), which relies on the utilization of strong dipolar couplings between
𝜋

nuclei. In a standard CP experiment, a ( 2 ) pulse is applied to an abundant/sensitive species I
𝑥

𝜋

(e.g. protons) to move the magnetization in the transverse plane. Next, a ‘spin-lock’ pulse ( 2 )

−𝑦

is applied to both I and a less-sensitive species S, which has the effect of keeping both spins
rotating in the transverse plane.
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Figure 15: NMR pulse sequence of a standard 1H – X cross polarization (CP) experiment.

The Zeeman splittings of both I and S are typically on the order of 10-100MHz and determined
by their gyromagnetic ratios and the external magnetic field strength 𝐵0, which cannot be tuned.
However, the spin-lock pulses also give rise to Zeeman splittings, typically on the order of 10100kHz and determined by the rf pulse 𝐵1, which can be tuned for each species. Equating the
splittings between I and S (𝜔1𝑰 = 𝜔1𝑺 )20:
𝛾𝑰 𝐵1𝑰 = 𝛾𝑺 𝐵1𝑺

(2.71)

This relation is known as the Hartmann-Hahn condition. While the spin-lock pulses are active, I
and S remain in contact with one another; through dipolar coupling magnetization is transferred
from I to S, leading to signal enhancement. This transfer is only effective at close distances
between I and S (within 4Å), due to the 1/𝑟 3 dependence of the dipole interaction.
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In solids, CP experiments can also be performed under MAS. While the time average of the
dipolar coupling under MAS is 0, the instantaneous coupling is not. The effect of performing
CPMAS lies in modifying the Hartmann-Hahn condition:
𝛾𝑺 𝐵1𝑺 − 𝛾𝑰 𝐵1𝑰 = 𝑛𝜔𝑟

(2.72)

Where 𝑛 = 0, ±1, ±2, etc, and 𝜔𝑟 is the (angular) spinning speed. For the central transition in an
MAS spectrum, the CP is only effective at lower spinning speeds.
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Chapter 3: Ion Transport and Association Study of glyme-based
electrolytes with Lithium and Sodium Salts1
3.1 - Introduction

Glycol dimethoxy ethers or glymes have several unique properties that make them attractive
solvents for electrochemical energy storage. Glymes have the general formula
CH3(OCH2CH2)nOCH3, and physical properties such as freezing point, boiling point, and
viscosity can be tuned over a wide range by varying the chain length. They are typically
chemically and thermally stable with a large electrochemical window.21,22 Some of the early
work on glymes investigated their properties as short-chain analogs for poly(ethylene oxide)
(PEO), and they served as model systems to understand polymer electrolytes.23 More recently,
they have attracted attention as solvents or co-solvents in promising electrolytes for emerging
battery technologies including lithium-sulfur24–27, lithium-air,28 non-aqueous redox flow
batteries,29,30, magnesium batteries,31,32 and sodium-ion chemistries.33–35 Glymes, which are
exceptionally stable with respect to reduction, also extended the voltage window of
electrochemical double layer capacitors.36

1

This project was done in collaboration with Dr. Rose Ruther and Dr. Jagjit Nanda of Oak

Ridge National Laboratory. The NMR Diffusion portion of this work was completed by the
author at Hunter College, while the material synthesis, Raman and Electrochemical Impedance
Spectroscopy was performed by Dr. Rose Ruther. This work contributed to a publication in
Electrochimica Acta (https://doi.org/10.1016/j.electacta.2019.02.110)
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Glymes contain multiple ether groups which can chelate with metal cations to form complexes
like crown ethers. The coordination chemistry yields electrolytes with unique properties. For
example, solvation of sodium cations by diglyme enabled highly reversible co-intercalation into
graphite anodes by forming the Na(diglyme)2C20 ternary compound.37 Glyme-cation complexes
also form a new class of electrolytes with increased thermal and electrochemical stability known
as solvate ionic liquids (SILs).38–40 SILs consist entirely of complex ions and their counter ions in
a molten state. Examples include 1:1 mixtures of certain lithium and sodium salts with triglyme
or tetraglyme.

In this contribution we determine the coordination chemistry and ion transport properties of
LiPF6 and NaPF6 in monoglyme (G1), diglyme (G2), and tetraglyme (G4) using NMR and
vibrational spectroscopy. LiPF6 and NaPF6 were chosen because they are widely used in
electrolytes for lithium and sodium-ion batteries. While electrolytes with PF6--based salts suffer
from poor thermal stability,41,42 they have several other desirable characteristics including
resistance to aluminum corrosion43 and high ionic conductivity.44 This study also compares the
transport properties of LiPF6 and NaPF6 salts in glymes to similar electrolytes with LiCF3SO3
and NaCF3SO3 salts published previously.27,35 The use of NaPF6 as an electrolyte salt for
capacitor applications is also novel.36

3.2 - Experimental

Monoglyme (battery grade, Mitsubishi) and diglyme (anhydrous, Sigma-Aldrich) were used as
received. Tetraglyme (99%, Sigma-Aldrich) was dried over 4 Å molecular sieves prior to use.
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LiPF6 (battery grade, BASF) and NaPF6 (98%, Sigma-Aldrich) were used as received. Solutions
of 0.1 m LiPF6, 0.1 m NaPF6, and 0.8 m NaPF6 in each glyme were prepared and stored in an
argon-filled glovebox prior to characterization. Na2CO3, the main impurity in the NaPF6 salt, was
insoluble in glymes and precipitated out of solution. We have verified that the precipitation of
Na2CO3 is not a result of NaPF6 saturation; only at higher concentrations in G4, ≥1m NaPF6,
does some NaPF6 appear in the precipitate.

Electrolyte conductivity was measured using the impedance response of a dip-style conductivity
probe (Cole-Parmer, K = 1 cm-1). The precise cell constant for the conductivity cell was
calibrated using standard solutions of KCl. Complex impedance measurements were taken from
1MHz – 1 Hz with a Bio-logic VSP potentiostat and EC-lab software. The solution resistance
was extracted from the intercept of the low-frequency, vertical tail with the real axis in the
Nyquist plot. The electrolytes were incubated in a temperature chamber for 30 minutes at each
temperature prior to impedance measurements.

ATR-FTIR spectra of the electrolytes were collected at room temperature (~23 °C) using a
Bruker Alpha FTIR spectrometer and a diamond ATR crystal. The FTIR spectrometer was
housed in an argon-filled glovebox. A cap sealed with a rubber gasket was placed over the ATRcrystal to prevent electrolyte evaporation during the measurement.

Raman spectra were collected using a WITec Alpha 300 confocal Raman microscope with a
temperature control stage. The electrolytes were sealed in pouch cells with glass windows to
prevent air exposure and solvent evaporation. Raman spectra were acquired using a solid-state
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532 nm excitation laser, a 20x objective, and a grating with 1800 grooves per millimeter. The
temperature at the surface of the cell was monitored with a thermocouple since a temperature
gradient formed between the heating stage and the sample surface. The temperature at the sample
surface is the reported temperature.

Proton, Fluorine-19, and Lithium-7 pulsed gradient echo diffusion experiments were performed
on a Bruker 400 Avance III spectrometer with a 55 G/cm gradient coil, while Sodium-23
measurements were done on a Varian Direct Drive 300 MHz spectrometer with a 1380 G/cm
gradient coil. The data were collected every 10°C from 0 – 60°C, and at 25°C. In lieu of using
standard borosilicate glass tubes, all samples were placed inside Teflon inserts. This was done to
prevent corrosion of the glass from the salts. A stimulated Pulse-Echo sequence was used for
temperatures at and below 25°C, while a double-stimulated echo pulse sequence was used at
higher temperatures, to correct any convection effects. Both pulse sequences were performed at
25°C, to verify that both sequences produced the same diffusion in the absence of any
temperature gradients. For 1H, 19F, and 7Li, the pulsed gradient time δ ranged from 1-3ms, and
the diffusion time Δ varied from 50-500ms.
From each experiment, the integrated intensities S as a function of applied gradient g (in 𝑇 ∙
𝑐𝑚−1) were obtained. Subsequently, diffusion coefficients D were then computed using leastsquares fitting of the Stejskal-Tanner Equation12 :
𝑆 = 𝑆0 𝑒 −𝐷(𝑔𝛿𝛾)

2 (𝛿−Δ)

3

(3.1)

Using the diffusion coefficients, the lithium and sodium transport numbers were calculated:
𝑡+ =

𝐷+
𝐷+ + 𝐷−

(3.2)
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Where 𝐷+ and 𝐷− are, respectively, the cation and anion diffusion coefficients. In addition, the
diffusion allows for the determination of the conductivity from the Nernst-Einstein relation:

𝜎NMR =

𝐹 2 [𝐶]
(𝐷+ + 𝐷− )
𝑅𝑇

(3.3)

Here F is faraday’s constant (96,845 C mol-1), R is the ideal gas constant (8.314 J mol-1 K-1), C is
the concentration of cation and anion (mol L-1) and T is the temperature in Kelvin. As the sample
concentrations are given in molals (mol kg-1), C was calculated by converting the given molal
concentration via the known densities of the solvents. The additional volume due to the salt is
negligible at low concentrations and was not considered. Using complimentary conductivity
measurements from Impedance Spectroscopy, the ion association degree α can be determined:
𝛼 = 1−

𝜎𝐸𝐼𝑆
𝜎𝑁𝑀𝑅

(3.4)

3.3 - Results and Discussion

The conductivity of the LiPF6 and NaPF6 electrolytes shows several trends as a function of
temperature (Figure 1). The conductivity of 0.8 m NaPF6 in G1 is 10 mS/cm at 25 °C and
approximately independent of temperature over the range studied (20-60 °C). At the same salt
concentration, the conductivity increases and becomes a stronger function of temperature as the
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chain length increases. For the G1 0.1 m solutions, the conductivity actually decreases with
increasing temperature, which is attributed to strongly temperature-dependent ion association,
which will be discussed later. The previously reported conductivity of similar electrolytes with
LiCF3SO3 and NaCF3SO3 was also weakly temperature-dependent in G1 and G2 and more
strongly temperature-dependent in G4.27,35

We could not prepare solutions of LiPF6 at the same 0.8 m concentration to compare with NaPF6.
LiPF6 saturated around 0.5 m in G1, 0.1 m in G2, and 0.2 m in G4 at room temperature. The
relatively low solubility of LiPF6 in glymes has been noted before.45 It is interesting that the
sodium salt exhibits higher solubility than the corresponding lithium salt , which is not usually
the case for other organic solvents. However, glymes are known to form unique coordination
complexes with alkali metal cations, and the choice of metal cation influences the structure and
properties of these complexes.46 Therefore, we chose to compare LiPF6 and NaPF6 at the lower
concentration of 0.1 m. The conductivity of these electrolytes either increases with increasing
temperature or remains constant with G2 and G4. The conductivity of the G1electrolytes actually
decreases with increasing temperature (Figure 16). Clearly, the relationship between temperature
and electrolyte conductivity depends on several factors including the cation, salt concentration,
and chain-length of the glyme.
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Figure 16: Ionic conductivity of 0.8 m NaPF6, 0.1 m NaPF6, and 0.1 m LiPF6 in G1, G2, and G4 as a
function of temperature.

We believe there are two competing effects that explain the different trends in electrolyte
conductivity data. The electrolyte viscosity decreases at higher temperature,47 which favors
higher conductivity. However, the dielectric constant of the glymes also decreases at higher
temperature.47 The decrease in dielectric constant favors an increase in ion pairing and a drop in
conductivity.48,49 To better understand ion transport and coordination in these electrolytes, we
performed vibrational spectroscopy and pulsed field gradient NMR.
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The vibrational spectra of the PF6- anion are sensitive to ionic association.49,50 The free,
uncoordinated PF6- anion has octahedral symmetry, and the irreducible representation of the
vibrational modes is:49–53
𝛤 = 𝑎1𝑔 + 𝑒𝑔 + 𝑡1𝑔 + 𝑡2𝑔 + 3𝑡1𝑢 + 𝑡2𝑢

(3.5)

The Raman-active modes are ν1(a1g), ν2(eg), and ν5(t2g), and the IR-active modes are ν3(t1u) and
ν4(t1u). The t1g and t2u modes are inactive. While the ν1(a1g) mode near 740 cm-1 is not IR active
for the free PF6- anion, coordination with lithium cations reduces the symmetry of PF6- resulting
in a mode that is simultaneously Raman and IR active. The intensity of the ν1 mode in the FTIR,
therefore, gives some indication of the degree of ion association in the electrolyte.49 The FTIR
spectra were normalized so that the ν4 band at 558 cm-1 has the same intensity in each spectrum.
The ν4 band is relatively insensitive to changes in solvent and salt concentration and is therefore
used as an internal standard. The intensity of the ν1 mode in the FTIR spectra increases with
decreasing glyme chain length at both high and low concentrations of NaPF6 (Figure 17). This
suggests that ion association increases in the order G4 < G2 < G1, which is expected based on
the decrease in dielectric constant for shorter-chain glymes.46
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Figure 17: FTIR spectra of the ν1 mode from the PF6- anion in 0.1 m NaPF6 and 0.8 m NaPF6 in G1,
G2, and G4 at room temperature (~ 23 °C).
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The ν1 band shows only subtle changes in the Raman spectra depending on the choice of glyme
(Figure 17). In this case, the ν1 band was normalized to unit intensity to facilitate comparison.
The ν4 band is slightly broader in the G1 electrolyte compared to G4 at both high and low NaPF6
concentrations. This broadening may indicate an increase in ion association, which would be
consistent with the results from NMR, discussed later, and FTIR. The Raman spectra of the G2
electrolytes are not shown because of a large fluorescence background. The ν1 band position near
743 cm-1 matches the expected shift for both solvent-separated ion pairs (SSIPs) and contact ion
pairs (CIPs). Han and co-workers showed using a series of LiPF6 crystalline solvates that it is
difficult to distinguish between these two coordination modes using Raman spectroscopy.50 For
example, based on their work the ν1 mode of the (G3)1LiPF6 CIP is near 742 cm-1. This overlaps
with the ν1 mode of SSIPs for (G1)3LiPF6 and (G2)2LiPF6 at 744 and 741 cm-1, respectively.

We attempted to gain additional insights into the ion coordination by monitoring the
temperature-dependence of the ν1 mode in the Raman spectra (Figure 18). In general, the ν1
band in the G4 electrolytes broadens and shifts towards lower frequency with increasing
temperature. The same behavior was observed for the crystalline solvates and does not
necessarily indicate any change in ion association. However, it is interesting to note that the ν1
peak for the G1 electrolyte actually shifts towards higher frequency between 40 and 60 °C.
Based on the NMR analysis, the ions are expected to be the most highly associated in G1 at
elevated temperature, and this may reflect in the slight increase in the intensity of the ν4 mode at
higher frequency.
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Figure 18: Raman spectra of the ν1 mode from the PF6- anion in 0.8 m NaPF6 in G4, 0.1 m NaPF6 in
G4, 0.8 m NaPF6 in G1, and 0.1 m LiPF6 in G4 at 25, 40, and 60 °C.
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Nuclear Magnetic Resonance (NMR) Diffusometry, as developed by Stejskal and Tanner, was
used to probe the individual motion of the solvent, cation, and anion. The ability to measure selfdiffusion from pulsed field gradient (PFG) NMR has allowed for the determination of important
transport quantities, such as transference numbers and ionic association.

PFG NMR was used to obtain diffusion coefficients as a function of temperature for all nuclei.
While diffusion coefficients were obtained relatively easily for 1H, 19F, and 7Li, difficulties arose
in the 23Na NMR. The large quadrupole moment of 23Na combined with the viscosity of the
glymes resulted in very fast spin-spin and spin-lattice relaxation (~3ms) and poor signal to noise
ratio. As a result, diffusion could not be measured for low temperatures in G2, and for the entire
temperature range in G4. Increasing the concentration to 0.8m, despite the resulting modest
increase in solution viscosity, did improve the signal to noise ratio in G2.
Several trends arise from the diffusion coefficients. Figure 19 displays the diffusion coefficients
for all nuclei in 0.1m LiPF6 and NaPF6 as a function of temperature. In all samples, the 1H
diffusion coefficients were approximately twice that of 19F, 7Li, and 23Na, indicating that the
solvent molecules had greater mobility than either the cation or anion. Moreover, 1H, 19F, 7Li,
and 23Na Diffusion was greater in G1 than in either G2 or G4. This increased diffusion is
reasonably thought to be due to increased mobility brought about by the lower viscosity of G1.
Both 7Li and 23Na diffusion remained roughly equivalent with temperature, on the order of 10-9
m2/s for G1 and 10-10 m2/s for G2 at room temperature.
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Figure 19: Self Diffusion coefficients of 0.1m LiPF6 (a) and NaPF6 (b) as a function of temperature.
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The similar diffusion coefficients in both Li+ and Na+ cations and PF6- anion at all temperatures
suggest considerable ion association. The Li and Na transference numbers (Figure 20), remained
close to 0.45 at all temperatures, which implies correlated ion motion. NMR diffusion
measurements account for both free ions and neutral ion pairs, so that the NMR-calculated
transference is not a particularly meaningful quantity in the presence of significant ion
pairing/association.

Figure 20: Cation Transference numbers for 0.1m LiPF6 (a) and NaPF6 (b), and PFG NMR
calculated Conductivities for 0.1m LiPF6 (c) and NaPF6 (d).
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The conductivity calculated from the Nernst-Einstein equation, which gives the theoretical
maximum assuming complete ion dissociation, and the experimentally measured conductivity of
the 0.1m samples are also shown below. As the diffusion increases with temperature, the
conductivity follows suit, with values on the order of 10-3 S/cm at 30°C. Comparing these values
to EIS conductivity measurements, a discrepancy arises in the computed and reported values of
almost an order of magnitude. The difference in these values was exploited to give the ion
association (the quantity 𝛼 , defined previously) as a function of temperature (Figure 21). It is
immediately clear that the ion association increases with temperature. This somewhat counterintuitive result arises as the solvent’s dielectric constant decreases with temperature48, which
results in greater ion attraction and association. The high ion association of LiPF6 and NaPF6 in
G1 (> 0.9) correlates with the decrease in conductivity with increasing temperature.
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Figure 21: Ion association degree for 0.1m LiPF6 (a) and NaPF6 (b) versus temperature. Because
Sodium diffusion was found only in the G1 and G2 samples, no ion association was computed for G4.

0.8m NaPF6 was also studied using PFG NMR. Although there was no direct comparison
available with LiPF6, many of the same trends seen in the 0.1m sample hold. Diffusion increases
with increasing temperature, with the 1H diffusion exceeding that of the ions, implying higher
solvent mobility (Figure 22 (a)). However, in this case, the diffusion is lower for all species
compared to 0.1m NaPF6, which is attributed to lower viscosity of the less concentrated
electrolyte. Interestingly, there is somewhat less ion association in the more concentrated NaPF6
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solution. Earlier work in polyethers has shown that ion pairing tendencies are not simply related
to salt concentration54.

It is also interesting to note that the ion association decreased overall with increasing solvent
size. While the ions are highly paired in G1 (α >0.9), this number decreases slightly in G2, and
significantly decreases in G4. This effect was more pronounced in NaPF6 vs LiPF6, and
decreases further with increasing salt concentration in NaPF6 (Figure 22 (b)). Previous PFG
NMR studies on LiCF3SO3 (LiTf) and LiTFSI electrolytes in glymes have shown that the
increased dissociation arises from the additional ether oxygens in the glyme chain, which interact
strongly with the cation, as well as an increase in dielectric constant55. In this regard, it appears
that G1 possesses the lowest solvation ability of the three solvents, with G2 showing
significantly improved solvation, particularly in 0.8m NaPF6. G4 possesses the greatest solvation
capability, as is seen in the Li data. However, the low conductivity suggests that while solvation
is high, the high viscosity of G4 is the dominant factor for the low conductivity.
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Figure 22: Self-Diffusion coefficients (a) and computed ion association (b) for 0.8m NaPF6.

These trends have also been seen in studies involving similar electrolytes. Transport studies on
NaTf and NaCF3SO3 in G1 and G2 showed similar conductivity35,56, but higher ion association at
comparable concentrations compared to NaPF6. LiTf in PEGDME (n = 10) showed significantly
lower ion association at 25°C (~0.6), but the high viscosity contributed to the significantly lower
conductivity on the order of 10-4 S/cm57.
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3.4 - Conclusions

By comparing the conductivity from NMR diffusion and from direct EIS measurement, we find
that the ions are highly associated in the monoglyme solvent, and less so with increasing chain
length, which agrees with previous experiments on glyme solvents.

We note an increase in ion association with rising temperature for all electrolytes, which is
correlated with the decreased dielectric constant of the solvent with increasing temperature.
These trends have also been noted in complementary FTIR and Raman measurements.

Electrolytes in G1 exhibit high ionic association and decreasing conductivity with temperature,
suggesting poor solvation. G4 presents as a better solvent, with high dissociation for LiPF6, but
its high viscosity is the primary cause for the decreased conductivity. G2 maintains a lower ionic
association than G1, with comparable, increasing conductivity at higher temperatures. This
suggests that G2 could be the most viable candidate of the three for further development.
Although we did not examine the corresponding G3 solution in this work, it is possible that it
could also be a viable candidate. Though our main result of high ion association suggests that
other solvent/salt combinations (for the latter, perhaps less associative anions such as TFSI)
could yield superior results in capacitor applications, it is difficult to decouple fundamental
electrolyte properties like ion association from other factors that impact device performance,
including electrolyte impurities, electrode passivation, and corrosion of current collectors. In
fact, these challenges are one of the main reasons we decided to first establish fundamental
electrolyte properties using NMR and vibrational spectroscopic methods.
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Chapter 4: Transport Studies of 𝑵𝒂𝑷𝑭𝟔 carbonate solvent-based
Sodium ion electrolytes1
4.1 - Introduction

The commercial development of lithium-ion batteries (LIBs) over the past few decades has
revolutionized the field of portable energy storage. This in turn has led to an ever-increasing
demand for greater capacity, which has driven LIB research. While LIBs convey many benefits
over their counterparts, they are plagued by issues such as the scarcity of lithium, cobalt and
nickel reserves and the corresponding price increase 5. These have been a catalyst for research
in sodium ion batteries (SIBs), especially for large-scale stationary storage applications. Due to
sodium's high natural abundance (2% in the earth's crust vs. 0.005% for lithium), it is viewed as
a viable alternative metal for non-lithium battery technology.
As in LIBs, the choice of electrolyte for SIBs58–66 remains the topic of much research. Unlike the
LIB, the study of electrolytes for the SIB is in its infancy. The main organic solvents for SIBs are

1

This project was done in collaboration with Dr. Domenec Paterno and Prof. Sophia Suarez of

CUNY Brooklyn College, Dr. Luciana Gomes Chagas and Prof. Stefano Passerini of the
Karlsruhe Institute of Technology. Materials preparation, viscosity, density and conductivity
measurements were performed by Dr. Chagas at Karlsruhe Institute, while NMR relaxation and
diffusion measurements were performed by Dr. Paterno, Prof. Suarez and the author at Brooklyn
College and Hunter College. This work contributed to a paper published in Electrochimica Acta
(https://doi.org/10.1016/j.electacta.2021.138062).
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ester-based carbonates such as propylene carbonate (PC), ethylene carbonate (EC), and dimethyl
carbonate (DMC) 67–72. This is because of they enable solutions with Na-salts offering high ionic
conductivities (1–13 ms cm−1) and wide electrochemical (voltage) windows (0–5 V)71–73.
To mitigate issues such as electrode exfoliation and poor performance, while maintaining the
desired electrolyte properties, it is necessary to tune the electrolytes. One of the most used tuning
methods is the use of additives, which are usually small quantities of solvents with specific
properties such as flame retardation, viscosity reducing, or radical scavenging. In initial studies
on LIB - and recently on SIB - electrolytes, the formation of solid electrolyte interphases at the
anode (SEI) and cathode (CEI) has been accomplished through the incorporation of fluorinated
solvents such as fluoroethylene carbonate (FEC)74–82. As a solvent FEC has low viscosity, but
high dielectric constant and a high flash point. To date, FEC has been the most studied additive
for SIB electrolytes 82–97. In spite of this, to our knowledge far less attention has been paid to
determining how FEC affects the fundamental ion transport in these electrolytes, and even less
so for SIB electrolytes.

In this work, we investigated the effect of FEC on the fundamental ions transport in two SIB
electrolytes using variable temperature multi (1H, 19F, 23Na) Nuclear Magnetic
Resonance (NMR) spin-lattice relaxation time (T1) and self-diffusion coefficient (D)
measurements. NMR is an extremely useful tool in the study of ion dynamics because it is
nucleus specific and allows access to motions spanning a range of ~10–1010 Hz through
determination of T1 and D. These measurements were complemented with solution viscosity,
density, and ionic conductivity data to provide a more comprehensive view of the ion dynamics.
The electrolytes studied consisted of 1M sodium hexafluorophosphate (NaPF6) salt in EC:PC
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(1:1), or 5EC:3PC:2DEC (5:3:2). NaPF6 is one of the most used salts in SIB electrolytes. This is
due to its relatively high ionic conductivity when dissolved in organic carbonate solvents, and due to its ability to decompose to F− - capability of inducing formation of a stable and functional
SEI and aluminum current collector's passivation. In spite of this, studies have shown that the
solvent affects the transport of the electrolytes as well as the salt's ability to dissociate. Because
of this, it is necessary to determine the fundamental transport properties of the combination of
the salt and solvent. In terms of solvents, the EC:PC (1:1) mixture has been viewed as one of the
best performing for LIB electrolytes. Ponrouch et al.71 also studied various binary solvents
combined with sodium salts of various counterions (PF6−, ClO4−) and determined the EC:PC to
also be one of the best for SIB electrolytes. Bhide et al. 72 also studied salts of various
counterions in the binary EC:DMC (3:7 wt.%) and showed that the maximum conductivity of the
electrolyte depended on the salt's counterion and its concentration. DMC and DEC are acyclic
low viscosity (both less than 1 mPa s at 25 °C) and low dielectric constant solvents (3.1 and 2.8
respectively) which are generally used to reduce the mixtures’ viscosity.

NMR has provided valuable information on ion dynamics in electrolytes. For example, Peng
et al. 98 used both 7Li and 19F in their study of the effect of solvent composition on ion dynamics
in electrolytes comprised of LiPF6, and LiBF4, in binary EC:DMC solvents. There results show
faster dynamics for DMC over EC for all compositions in spite of the smaller molecule size of
EC. There results also show a constant solvation of the Li+ ions by EC, and a merging of the
respective anion and cation D values at high DMC concentrations indicating aggregation. In a
similar study Morales et al. 99 compared the Na+ and Li+ transport in various glycol dimethoxy
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ethers (glymes) through NMR D measurements and determined that decreasing dielectric
constant (ergo polarity) of the glymes led to increase in ion association.

One of the focus areas of this study is the effect of ion association. This is because of its effect
on ion transport and correspondingly the power performance of the electrolyte. Na+ is larger in
size compared to Li+. As a result of this, it is expected to have weaker interactions with the
counterions and solvent molecules. These in turn can affect its dissociation and resulting
transport properties. Analysis of the Na+ T1 and D values will therefore be useful in revealing the
strengths of its interactions and correspondingly, its associations. The NMR investigations are
complemented by measurements of the related bulk viscosity, which have a direct bearing on
transport phenomena, and by ionic conductivity measurements via electrochemical impedance
spectroscopy.

4.2 - Methods section

4.2.1 - Physical-chemical characterization

Electrolytes of 1 M NaPF6 in binary mixtures of 50/50 wt.% ethylene carbonate (EC, Sigma
Aldrich, anhydrous, 99%) and propylene carbonate (PC, Sigma Aldrich, anhydrous, 99.7%);
or ternary mixtures of 50/30/20 wt.% of ethylene carbonate, propylene carbonate and diethyl
carbonate (DEC, Sigma Aldrich, anhydrous, 99%) were prepared. The mixtures were modified
by the addition of 2 wt.% fluoroethylene carbonate (FEC, Sigma Aldrich, anhydrous, 99%). All
solvents were used as received. The salt was vacuum dried at moderate temperature prior to its
use. The water content of the electrolytes was measured by the Karl-Fischer titration method and
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found to be less than 10 ppm in all cases. The properties and chemical structures of the organic
solvents are given in Table 1 and Figure 23, respectively.

Table 1: Properties of carbonates used in electrolyte mixtures: melting point (Tm), boiling point (Tb),
flash point (Tf), viscosity (η) and dielectric constant (ε).

Tm

Tb

Tf

η

(°C)

(°C)

(°C)

(cP)

PC

-48.8

242

132

2.53 (25°C)

64.92 (25°C)

EC

36.4

248

160

1.9 (40°C)

89.78 (40°C)

DEC

-74.3

126

31

0.75 (25°C)

2.805 (25°C)

FEC

17.3

212

130

4.1 (40°C)

78.4 (40°C)

Solvent

ε
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Figure 23: Chemical structures of the EC, PC, DEC and FEC solvents.

The ionic conductivity was determined by an automated multiplexed conductivity meter
equipped with a frequency analyzer and a thermostatic chamber (MCS-10, Bio-Logic). The
conductivity and cell constants were determined using the 0.01 M KCl standard solution. The
investigated electrolytes were loaded into sealed glass conductivity cells equipped with two
platinized electrodes, inside the dry box (dew point -65 °C). The electrolytes conductivity was
investigated within the −20 to + 60 °C temperature range, with ramping steps of 5 °C h−1.
Viscosity measurements were performed in a dry room, using an Anton-Paar Physica MCR301
rheometer in the cone-plate geometry within the 0 to 60 °C temperature range, applying
increasing shear rates (from 100 to 2500 s−1) for each 10 °C temperature increase. Density
measurements were determined by weighing 1 mL of solvent, beforehand stabilized at 25 °C for
1 h, with a Mettler Toledo XS analytical balance. The measurement was repeated 10 times to
ensure reproducibility.
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4.2.2 - NMR relaxometry and diffusometry measurements

Variable temperature NMR spin-lattice relaxation time (T1) and self-diffusion coefficient (D)
were determined for the mixtures with and without the FEC additive. 23Na T1 and D, and 1H
T1 measurements were performed on a Varian 300 MHz Direct-Drive Spectrometer, with pulsed
field gradient (PFG) measurements done using a DOTY Z-spec Gradient Probe, with a maximum
1200 G/cm gradient. 1H and 19F PFG measurements were done using a Bruker Avance III
400 MHz Spectrometer, with a 50 G/cm gradient probe. The 0 ppm references for 1H, 19F
and 23Na were tetramethylsilane (TMS), trichlorofluoromethane (CFCl3), and 1 M sodium
chloride (NaCl) respectively. 1H T1 were determined by the saturation recovery pulse
𝜋

𝜋

sequence ((2 ) − 𝜏 − 2 − 𝐴𝑐𝑞) where n represents the number of saturation pulses and τ values
𝑛

ranging from milliseconds to seconds. The resulting recovery profiles were fitted to Eq. 4.1:
𝜏

𝐼(𝜏) = 𝐼0 (1 − 𝑒 𝑇1 ) .

23

(4.1)

Na T1 were determined by the inversion recovery pulse sequence (π−τ−π/2−Acq) for an array

of 17 values for the delay, τ ranging from microseconds to milliseconds. The resulting data were
fit to Equation 4.2:
−𝜏

𝐼(𝜏) = 𝐼0 (1 − 2𝑒 𝑇1 )

(4.2)

Here, I represents the integral of the NMR signal, τ is the delay used between pulses, and T1 is
the characteristic spin-lattice relaxation time. A minimum of 5 T1s were used as a delay between
repetitions and uncertainties were ~5% for each value of T1.
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For all self-diffusion coefficient measurements, the room temperature value was measured
through a stimulated echo PFG pulse sequence, while a double stimulated echo sequence was
used for all higher temperatures to correct for convection effects. For both pulse sequences,
a δ of 750 μs – 2 ms and a Δ of 10-250 ms were used. Sine-shaped gradient pulses were utilized
with an array of 16 gradient pulse strengths. The resulting data from these measurements were fit
to Equation 4.3:
𝐼(𝑔) = 𝐼0 𝑒

𝛿
−𝐷(𝛾𝛿𝑔)2 (𝛥− )
3

(4.3)

Here, D is the self-diffusion coefficient, δ is the gradient pulse width, g is the strength of the
gradient pulse, γ is the gyromagnetic ratio for the probed nuclei, and Δ is the mixing time. Delay
times of at least 5 T1 were used between repetitions and uncertainties were ~5% for each selfdiffusion coefficient.

4.3 - Results and discussion
4.3.1 - Density, viscosity, ionic conductivity, and Walden product

In the study of ion transport, the solution viscosity and ionic conductivity can provide useful
information. This is because ion transport relies on the dissociation of the ions favored by
high dielectric constant solvents, and their motion through the solvent. The faster this motion and
the greater the dissociation, the higher the ionic conductivity. However, during their motion
through the solvent the solvated ions experience viscous drag from the surrounding solvent
molecules. Because of these, a combination of high dielectric constant and low viscosity solvents
is preferred for the electrolytes.
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Linear temperature dependence of the densities (ρ) for 1M NaPF6 in EC:PC (1:1), and
5EC:3PC:2DEC solvents, as well as their 2 wt.% FEC modulated mixtures of each are shown
in Figure 24. As expected, the increase in temperature decreased the densities. In terms of the
solvent, the order of the density was EC:PC ~ EC:PC + FEC >> 5EC:3PC:2DEC + FEC ~
5EC:3PC:2DEC.

Figure 24: Temperature dependence of the density for FEC free and modulated 1M NaPF6 in EC:PC
(1:1), and 1M NaPF6 in 5EC:3PC:2DEC electrolytes.

The inclusion of the FEC additive caused modest to negligible increase in the density for the
5EC:3PC:2DEC solvent and a similar decrease for EC:PC. The data was fitted to the linear
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equation ρ = a + bT, where a and b are adjustable parameters in units of g cm−3 and g
cm−3 K−1 respectively. The fitting parameters are shown in Table 2. Density changes can be
affected by several factors including the strength of the interactions present in the media. In the
case of a dissolved salt in a non-aqueous media, these interactions can include ion-ion (cationanion, cation-cation, and anion-anion), ion-solvent, and solvent-solvent depending on the salt
concentration. Since the salt is the same, the differences in the density data may be due to the
solvents and their respective viscosities. The lower densities of the 5EC:3PC:2DEC + FEC and
5EC:3PC:2DEC based electrolytes are mainly due to the presence of DEC, which has a density
of 0.98 g cm−3 compared to 1.32 and 1.2 g cm−3 for EC and PC respectively at 25 °C (298K).
These solvents likely offer reduced interactions (ion-ion, ion-solvent and solvent-solvent) in the
electrolytes, thereby making them more dynamically favorable.
Table 2: Linear fit parameters for the variable temperature density of the 1M NaPF6 in EC:PC, 1M
NaPF6 in 5EC:3PC:2DEC, and their 2 wt. % FEC modulated versions.

Linear Density Model ρ = a + bT
Solvent

a

b

g•cm−3

103•g•°C−1•cm−3

EC:PC

1.3775

±

0.0001

-1.108

±

0.002

EC:PC + 2%FEC

1.3759

±

0.0001

-1.112

±

0.001

5EC:3PC:2DEC + 2%FEC

1.3376

±

0.0001

-1.114

±

0.001

5EC:3PC:2DEC

1.3337

±

0.0001

-1.102

±

0.001

Solution viscosity for the electrolytes were determined between 0 – 60 °C (273 – 333K) and
the Arrhenius plots of solution viscosity (η) are shown in Figure 25a. The values of η at 293K
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(20 °C) are 6.79, 6.77, 3.74 and 3.57 mPa s respectively for EC:PC, EC:PC + FEC,
5EC:3PC:2DEC, and 5EC:3PC:2DEC + FEC. These values are similar to those obtained by
Ponrouch et al.71 in their study of various sodium salts coupled with both individual and binary
carbonate solvents. As expected, η decreased with increasing temperature for all electrolytes.

Figure 25: Variable temperature solution viscosity (a) and ionic conductivity (b) for FEC free and
modulated 1M NaPF6 in EC:PC (1:1), and 1M NaPF6 in 5EC:3PC:2DEC (5:3:2) electrolytes.

The difference in η between the base EC:PC and 5EC:3PC:2DEC solvents (as well and their
FEC modulated versions) is greater at lower temperatures as shown in Table S1 of the
Supporting Information. In terms of the solvent, the order of η was EC:PC ~ EC:PC + FEC >
5EC:3PC:2DEC + FEC ≥ 5EC:3PC:2DEC at temperatures lower than 303K (30 °C). At and
above 303K, the order of the solvent viscosity is modified with the reversal of
5EC:3PC:2DEC + FEC and 5EC:3PC:2DEC. Compared to EC:PC, the lower viscosity of the
5EC:3PC:2DEC electrolyte is expected due to the lower concentration of the more viscous PC
and the addition of the lower viscosity DEC (see Table 1).
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Due to the curve-like nature of the plots, the data were fitted to the Vogel-Tamman-Fulcher
(VFT) equation for viscosity (Eq. 4.4).
𝐵

𝜂 = 𝜂0 𝑒 𝑇−𝑇0

(4.4)

The fitting parameters for the electrolytes are given in Table 3. Here, adjustable parameters - B,
T and To - are the pseudoactivation energy, current temperature, and ‘pseudo’ ideal glass
transition temperature, respectively. The logarithmic form of the VFT was used instead of the
exponential as it allows better fitting of data spanning orders of magnitude. Additionally, when
compared to the Arrhenius fit, the VFT produced smaller errors and had R2 values greater than
0.99 indicating the VFT was a more suitable model. As shown in Table 3, the pseudoactivation
energy (B) increased significantly with the addition of 2 wt. % FEC to the 1M NaPF6 in
5EC:3PC:2DEC electrolyte but decreased slightly for the EC:PC solvent. This suggests the 1M
NaPF6 in 5EC:3PC:2DEC experiences a greater decrease in viscosity with increasing
temperature compared to the 1M NaPF6 in EC:PC. A comparison of the To values shows that for
the 1M NaPF6 in 5EC:3PC:2DEC + FEC electrolyte being the lowest. Since the glass transition
temperature decreases with increasing asymmetry in the media, this suggests greater local
dynamics which could reduce the various intermolecular interactions thereby enhancing ion
dynamics.
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Table 3: VFT fitting parameters for the viscosity of the 1M NaPF6 in EC:PC, 1M NaPF6 in
5EC:3PC:2DEC, and their 2 wt. % FEC modulated versions.
Solvent

T0

B

(K)

(K)

𝜼𝟎

EA
(kJ•mol−1)

x103

EC:PC

182

±

2

370

±

10

260

±

10

3.08

±

0.08

EC:PC + 2%FEC

183

±

2

350

±

10

270

±

10

2.91

±

0.08

5EC:3PC:2DEC + 2%FEC

159

±

5

510

±

40

130

±

20

4.2

±

0.3

5EC:3PC:2DEC

172

±

7

380

±

50

250

±

40

3.2

±

0.4

Ionic conductivity (σ) was determined over the temperature range of -20 – 60 °C (253 – 333K)
and the Arrhenius plots for the electrolytes are shown in Figure 3b. At 293K, the values were
7.36, 7.18, 7.88 and 8.06 mS cm−1 for EC:PC, EC:PC + FEC, 5EC:3PC:2DEC, and
5EC:3PC:2DEC + FEC respectively. The conductivity is determined by several factors including
the dielectric constant of the solvent and the corresponding degree of dissociation of the salt, the
solution viscosity, and the concentration of the charge carriers. In terms of the base solvent the
order of σ was 5EC:3PC:2DEC + FEC > 5EC:3PC:2DEC ≥ EC:PC ≥ EC:PC + FEC, which is the
inverse of the solution viscosity trend. Although this shows the viscosity playing a significant
role in the resulting ion dynamics, it must be noted that the values become similar at high
temperatures, suggesting more than the viscosity is affecting the conductivity.
As shown in Figure 25(b), the conductivity plots are curved and were appropriately fitted with
the VFT equation for conductivity (Eq. 4.5).
𝜎 = 𝜎0 𝑒

−

𝐵
𝑇−𝑇0

(4.5)
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The activation energies determined from the VFT equations for both the viscosity and ionic
conductivity range from 2.7 – 4.3 kJ mol−1, supporting for the significant dissociation of the salt
in all the electrolytes. Generally, for liquids displaying VFT behaviors in their transport
parameters, molecular level dynamic disorder exists whereby species reorganize over a wide
variety of different particle orientations and coordination states, without thermal aid.
To further assess the dissociation abilities of the solvents, we determined their Walden
Product100–104 . The Walden Product (Eq. 6) relates the molar ionic conductivity (Λ) and solution
viscosity (η) through a temperature-dependent constant (k). It is a law often used to assess the
ionic transport in ionic liquids and represents the degree of dissociation or ionicity according to
the resulting classification of the liquid:
Λ𝜂 = 𝑘

(4.6)

A plot of the Walden Products is shown in Figure 26 (a) for various temperatures from 0 – 60°C
(273 – 333K). All the plots lie below the ideal line of the Walden Product, regardless of
temperature and solvent type and follow the solvent-co-solvent systems classification of Lee
et al.101. Similar results were obtained by Hofmann et al.104 for LiPF6 in EC:DMC, and by Porion
et al.105 for LiBF4 in 4EC:DMSN. Generally, deviations below the ideal 1M KCl line are
considered as evidence of dynamics hindering effects such as ion-pairing, which also reduces the
net charge transport. The magnitude of the deviation of the Walden Product from the ideal value
is a good indicator of ion association101–104. As shown in Figure 26 (a), no discernable difference
is observed between the ionicity of the electrolytes, however the slopes of the Walden plots are
0.89, 0.89, 0.90 and 0.83 for the 1M NaPF6 in EC:PC, EC:PC + FEC, 5EC:3PC:2DEC and
5EC:3PC:2DEC + FEC electrolytes respectively.

66

Figure 26: (a) Walden Product plot. The dashed line is the ideal line for a 0.01 M aqueous KCl
solution. (b) Walden Product vs. temperature.

Recall the 5EC:3PC:2DEC and 5EC:3PC:2DEC + FEC solvent electrolytes had the highest
conductivity over the temperature range studied and correspondingly lower viscosities. However,
the lower ionicity value of 0.83 for the 5EC:3PC:2DEC + FEC solvent electrolyte implies less
salt dissociation, which is contradictory to its high ionic conductivity. This coupled with the
temperature dependence of the Walden Product (Figure 26 (b)) shows the salt dissociation is
thermally driven. Since the solvents’ dielectric constant will decrease with increasing
temperature, the reducing salt dissociation seems to correlate with this trend. The solution
viscosity also decreases with increasing temperature, thereby reducing the solvent-solvent, ionsolvent and ion-ion interactions, all of which will enhance ion dynamics. These results indicate
that in spite of the decreasing salt dissociation ergo net charge concentrations with increasing
temperature, the reduction in intermolecular and electrostatic interactions favors enhanced ion
dynamics.
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4.3.2 - NMR Spectra, T1 and D measurements

In an effort to further investigate the molecular dynamics, the NMR spin-lattice relaxation time
(T1) and self-diffusion coefficient (D) were determined as a function of temperature. 1H and 19F
are both spin I = ½ nuclei while 23Na is I = 3/2. The mechanism for spin-lattice relaxation
depends upon several factors including the spin value. For spin I = ½ nuclei such as 1H, the
largest contributor for relaxation is generally the dipole-dipole interactions. For quadrupole
nuclei such as sodium (I = 3/2) there is an additional and generally more efficient mechanism –
the quadrupole interaction – which results from the nucleus’ inherent quadrupole moment that
allows it to interact with electric field gradients external to the nucleus.
4.3.2.1 - Spectra
The 1H spectra for all four electrolytes are shown in Figure 27. As shown, the presence and
corresponding assignments of the proton groups is clear, and all T1 and D data discussed are
based on these assignments. At 303K all 23Na spectra consisted of a single symmetric peak,
centered at -3.79 ppm and -4.76 ppm respectively for the 1M NaPF6 in 5EC:3PC:2DEC and 1M
NaPF6 in EC:PC electrolytes relative to relative to 1M NaCl in water referenced at 0 ppm. The
dissolution of a salt in a solvent generally results in dissimilar or heterogeneous regimes. In the
case of low salt concentrations, these regimes are the primary solvation sphere which includes
the ion and its directly interacting solvent molecules; the secondary solvation sphere in which the
ion indirectly interacts with solvent molecules external to its primary solvation sphere; the
disordered region which is considered the separation zone between the ordered bound solvent
molecules and the bulk; and finally, the bulk solvent106. Since the electrolytes consists of ions
(Na+, PF6−) solvated by bound solvent molecules as well as bulk solvent molecules, the presence
of a single symmetric peak shows fast exchange between the solvent molecules of the bulk and
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bound regimes, on a timescale greater than the inverse of the Larmor frequency. Similar spectra
features were also observed for LiPF6 in PC 107 for salt concentrations less than 1.2 M and were
attributed to picosecond times exchange between the bound and bulk solvent molecules 108.

Figure 27: 1H spectra for 1M NaPF6 in EC:PC (1:1) (Blue), EC:PC + 2wt.% FEC (Red), EC:PC:DEC
(Green), and EC:PC:DEC + 2 wt.% FEC (Purple) at 298K.

The more negative chemical shift for the 1M NaPF6 in EC:PC solvent suggests greater shielding
for its sodium ions and correspondingly stronger interactions with the primary solvation spheres
compared to those in the 1M NaPF6 in EC:PC:DEC electrolyte. This is most likely due to the
solvent's dielectric constant, which is expected to be larger for the EC:PC solvent compared to
5EC:3PC:2DEC, thereby offering greater shielding of the sodium ions.
As shown in Figure 28, the 23Na linewidth modestly decreased from 225 to 150 Hz, and from
225 to 172 Hz for the 1M NaPF6 in 5EC:3PC:2DEC and 1M NaPF6 in EC:PC electrolytes
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respectively with increasing temperature. The decrease in linewidth with increasing temperature
supports the increasing ion dynamics through reducing dipole-dipole (solvent-solvent, anionsolvent, anion-anion) and average nuclear electric quadrupole interactions. In a similar fashion,
the chemical shifts of both electrolytes experienced a decrease of -0.54 ppm and -0.63 ppm to
lower frequencies respectively over the temperature range studied. This modest change in both
could be due to the large quadrupole moment (104 mb vs. -40 mb for 7Li) of sodium, which
makes for stronger quadrupole interactions with surrounding solvent molecules through their
local electric field gradients. This could significantly negate or reduce any changes in the local
environment external to the immediate solvation sphere from being manifested. Similar
behaviors have also been observed for sodium ion conducting polymer electrolytes64,109. For both
base solvents, the addition of the FEC additive caused a decrease in their chemical shifts
indicating an increase in shielding of the sodium ions. However, its effect on their linewidths
was almost negligible.
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Figure 28: Variable temperature 23Na NMR linewidth data for the 1M NaPF6 in EC:PC and 1M
NaPF6 in 5EC:3PC:2DEC electrolytes.

Fluorine spectra for all four electrolytes consisted of the expected doublet centered at -74.0 ppm.
Similar chemical shifts have been observed for LiPF6 in DMC (δ = -74.6 ppm)110 and is due to
the J-coupling between the octahedrally arranged fluorine atoms and the phosphorus atom. For
the 1M NaPF6 in EC:PC + FEC, there are no additional fluorine peaks which means the
electrolyte is stable. This was also the case for the other three electrolytes.
4.3.2.2 - Spin-Lattice relaxation time (T1)
Variable temperature 1H and 23Na spin-lattice (T1) relaxation times were collected for all four
electrolytes over the temperature range of 303 – 348K. The general trend observed for both was
an increase with temperature for all groups and species. Representative Arrhenius plots for
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the T1 of both nuclei are shown in Figure 29, Figure 30 respectively. For 19F, only values at
298K were determined and were all very similar, ranging from 2.1 – 2.4 seconds. All T1 recovery
profiles were single exponentials, and for all doublets and triplets the average value is used.
No T1 minimum was observed for any of the electrolytes, suggesting that we are in the motional
narrowing or fast molecular tumbling regime (ω0τ <<1), where molecular fluctuations are faster
and the relaxation processes are single exponential decays as observed, generally leading to less
efficient relaxation and longer T1 10. This also implies that whatever short-range heterogeneities
that may exist will be averaged by the faster dynamics. Because of this, interactions can be
fewer, or reduced in magnitude.

Figure 29: Variable temperature 1H T1 data for the 1M NaPF6 in 5EC:3PC:2DEC. T1 values are in
seconds.
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Figure 30: Variable temperature 23Na NMR T1 data for the 1M NaPF6 in EC:PC, 1M NaPF6 in
5EC:3PC:2DEC, and their 2 wt. % FEC modulated versions. T1 values are in ms.

The 1H T1 values for the base electrolytes seem to correlate inversely with the solution viscosity
in that values for the various proton groups are longer for the less viscous 5EC:3PC:2DEC
solvent compared to the more viscous EC:PC. Proton T1 are mainly due to intramolecular dipoledipole interactions, so the T1 times are sensitive to the nature of molecular motion and in
particular the rotational motions of the proton groups of the solvent molecules as well as their
translational diffusion. The addition of the FEC additive to both base electrolytes had the
interesting effect of increasing the values for the PC proton groups (CH and CH2). Values for the
PC CH3 group remained mostly unchanged by the FEC addition, which is expected due to its fast
rotational motion about its C3v axis that averages out local interactions.
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Although the increase in PC (CH and CH2) T1 values are not a direct indication of the preference
of the ions for PC solvation, it does suggest a reduction in interactions because of the inclusion
of the FEC. One possible reason for this effect is a decrease in the intramolecular dipole-dipole
interactions between the quadrupolar sodium nuclei and the neighboring hydrogen atoms,
through a possible replacement of PC solvent molecules in the primary solvation spheres or a
modulation of the surrounding electric field gradient111 by the FEC molecules. Another
possibility is a reduction in the Na+ bonding with the PC carbonyl oxygen 112,113.

Additional dynamics information can be obtained through the sodium T1 data which is shown
in Figure 30. As previously stated, all sodium inversion recovery profiles were monoexponential.
For quadrupole nuclei of spin I > 1, this can happen when the system is in the motional
narrowing regime (ω0τ <<1) for the case of isotropic small-step rotational diffusion, or when the
spectral densities of molecular fluctuations are frequency independent 111. The increase
in T1 with temperature verifies when the system is in the motional narrowing regime where
molecular fluctuations are faster, and longer T1 generally indicates greater dynamics.

The 23Na T1 values for the base electrolytes showed similar behavior to the 1H data, with values
for the less viscous 5EC:3PC:2DEC electrolyte being longer than for the more viscous EC:PC
electrolyte. Additionally, the inclusion of FEC reduced the T1 for both electrolytes. This
reduction signifies reduced dynamics and could be evidence supporting the replacement of PC
with FEC molecules in the sodium ions’ primary solvation spheres. This is due to terminating
electronegative fluorine atom on the FEC molecule which can induce stronger interactions with
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the sodium ions compared to the proton groups on EC, PC and DEC molecules. The calculated
activation energies from the Arrhenius plots of the T1 data were all similar and ranged from 15.5
– 16.6 kJ mol−1.

To determine if the sodium ions are experiencing isotropic dynamics, the T1 and spin-spin
relaxation time (T2) were compared. From the Bloembergen, Purcell, and Pound (BPP)
model10,111 most often used to analyze relaxation times, in the motional narrowing
regime T1 and T2 are related through the relationship: T1 = 1/(πΔν) = T2, where Δν is the
linewidth at half of the maximum spectral intensity (see Figure 28). Using the
1/(πΔν) = T2 relationship the T2 values were calculated and all were less than T1 for all
temperatures and electrolytes. This suggests that, in spite of the monoexponential nature of
the T1 recovery profiles, the sodium dynamics is not completely isotropic, possibly due to
dissimilar interaction strengths between the various local environments.

It must be stated that while linewidth measurements depict motion between
the μs to ms timescale, T1 measurements are influenced by molecular fluctuations at the Larmor
frequency. Because of this, the T1 results provide only a small window of the local dynamics
compared to the spectra. It must also be stated that the fitting of the sodium spectra was done by
MestReNova (version 14.1.2) and required the use of a combined Lorentzian and Gaussian
function (L/G), with values less than 0.45 in all cases. Based upon this and in spite of the
symmetric shape of the spectra, the sodium environment is dynamically heterogeneous.
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Table 4: VFT fitting parameters for the conductivity of the 1M NaPF6 in EC:PC, 1M NaPF6 in
5EC:3PC:2DEC, and their 2 wt. % FEC modulated versions.
Solvent

T0

B

(K)

(K)

σ0

EA
(kJ•mol−1)

EC:PC

177

±

1

355

±

4

155

±

3

2.95

±

0.03

EC:PC + 2%FEC

176

±

1

353

±

5

147

±

3

2.94

±

0.04

5EC:3PC:2DEC + 2%FEC

173

±

1

342

±

4

139

±

3

2.84

±

0.03

5EC:3PC:2DEC

174

±

4

328

±

4

125

±

2

2.73

±

0.03

4.3.2.3 - Self-diffusion coefficient (D)
1

H, 19F, and 23Na NMR self-diffusion coefficients (D) were determined for the four electrolytes

and values for the solvents are given in Table 5 while values for the anion (PF6−) and cation
(Na+) are presented in Table 6. Since the solvent signal will be an average of the various bound
and bulk molecules throughout the media, the D values given represents an average of all these
diffusive components. In the case of the proton D measurements, missing values
in Table 5 and 6 are due to signals overlap which prevented accurate determination of the
respective values. At 303K the D values for the pure PC and DEC solvents were 0.96 and
2.11 × 10−9 m2 s−1 respectively. No value was obtained for EC since it is a solid at this
temperature.
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Table 5: Variable temperature 1H self-diffusion coefficients for the 1M NaPF6 in EC:PC, 1M NaPF6
in 5EC:3PC:2DEC, and their 2 wt. % FEC modulated versions. All values are times 10−10 m2 s−1.
Missing values are due to signals overlap which prevented accurate detetermination of the respective
values.
Temp (K)

EC:PC

EC:PC + 2%FEC

5EC:3PC:2DEC

5EC:3PC:2DEC + 2%FEC

EC

PC

EC

PC

FEC

EC

PC

DEC

EC

PC

DEC

FEC

298

2.46

2.19

2.32

2.13

2.32

3.71

3.39

3.19

4.20

303

3.51

2.83

3.05

3.02

3.45

3.69

3.40

3.33

4.44

4.10

3.44

313

4.02

3.49

4.13

3.52

3.30

3.67

3.18

3.42

4.60

4.55

3.91

5.19

323

5.41

4.23

4.65

4.20

4.30

6.39

5.39

5.63

5.24

4.95

6.67

6.05

333

5.96

5.03

6.30

5.36

7.19

6.58

6.47

6.81

6.63

7.90

7.72

3.34

Table 6: Variable temperature 23Na and 19F NMR D values for the 1M NaPF6 in EC:PC, 1M NaPF6 in
5EC:3PC:2DEC, and their 2 wt. % FEC modulated versions. Missing values are due to signals overlap
which prevented accurate determination of the respective values.
Temp (K)

EC:PC

EC:PC

5EC:3PC:2DEC

5EC:3PC:2DEC

+ 2% FEC
Na

23

19

298

1.21

303

F

Na

23

19

1.69

0.94

1.28

2.51

313

1.69

323
333

F

+ 2%FEC
Na

F

Na

F

23

19

23

19

2.40

2.56

2.57

2.28

2.22

1.16

2.70

2.42

2.83

2.52

2.86

1.69

3.08

3.11

3.43

3.20

1.96

3.53

2.23

3.80

4.31

4.16

3.43

3.96

2.59

4.19

2.45

4.50

4.76

5.50

3.68

4.82
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The effect of temperature on the D values revealed several patterns. Firstly, for all electrolytes,
the D values for EC were generally greater than PC over the temperature range studied. With the
exception of the 1M NaPF6 in 5EC:3PC:2DEC + FEC electrolyte at and above 323K, a similar
trend was also observed for EC compared with DEC. In terms of molecule size, EC is the
smallest, which is a contributing factor to its larger D values. However, the magnitude of the
differences between the D values suggest smaller ion-EC solvent interactions. Cresce
et al.68 performed electrospray ionization mass spectroscopy studies on NaPF6 in various binary
carbonate solvent mixtures and determined that for the EC:PC mixture there was a preference for
PC over EC in the sodium primary solvation sphere. This would account for the larger D values
for EC over PC. Also noteworthy in the Cresce study was the fact that in binary mixtures of
cyclic and linear carbonates such as EC:EMC, preference for EC was almost absolute. However,
in their study of 1M LiPF6 in varying compositions of EC:DMC, Bogle et. al.113 showed
through 17O NMR chemical shift measurements that in spite of the preference for EC, DMC was
still loosely bonded to Li+ due to the high donor number of DMC, resulting in solvation
numbers as high as 8.85 in the 1:1 molar ratio EC:DMC mixture. This showed that linear
carbonates may also affect the ion dynamics in spite of their lower dielectric constants ergo
bonding abilities compared to cyclic ones. In light of this, in the case of the EC vs. DEC, the
smaller D value of DEC may be due to the combined effects of its larger size and lose bonding
interactions with the Na+ ions.

Secondly, as shown in Table 6, the 23Na D values for the 1M NaPF6 in 5EC:3PC:2DEC were
greater than for the 1M NaPF6 in EC:PC at every temperature. At 298K, this difference was
~72 % but decreased to ~54 % at 333K. A similar pattern was observed for the anion, where
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the 19F D value for the 1M NaPF6 in 5EC:3PC:2DEC electrolyte were ~42 % and ~27 % greater
at 298K and 333K respectively compared with those for the 1M NaPF6 in EC:PC electrolyte.
Molar ratios of 14:87:87 and 19:110:66:44 were calculated for the 1M NaPF6 in EC:PC and
5EC:3PC:2DEC solvents respectively. In the case of the 5EC:3PC:2DEC solvent, it is likely that
the reduction of PC molecules forces increased sodium-EC interactions. This combined with the
smaller EC size and lower solvent viscosity can account for the larger 23Na D values. It also
appears that the greater conformational flexibility of the linear carbonate (DEC) contributes to
the solvent's greater ion dynamics in spite of DEC's lower dielectric constant which enhances
electrostatic interactions, and the likelihood of it also interacting albeit loosely with the ions.
Thirdly, the PF6− D value (19F, D−) was generally greater than sodium (D+) for the 1M NaPF6 in
EC:PC and 1M NaPF6 in EC:PC + FEC electrolytes at all temperatures. However, in the case of
the 5EC:3PC:2DEC and 5EC:3PC:2DEC + FEC solvents, similar D values were obtained for
both the anion and cation at 298K, but results then followed the pattern (D+ < D−) observed for
the EC:PC electrolytes with increasing temperature. Since the sodium ion has a greater charge
density compared to its counterion, this should cause greater solvation and slower dynamics,
ergo smaller D values as is clearly observed for the EC:PC electrolytes. Porion et al.105 observed
similar results for LiPF6 in EC:DMC, and Cresce et al. also observed the same pattern for
NaPF6 in EC:PC. However, the behavior of the anion and cation D values in the 5EC:3PC:2DEC
electrolytes support cation-anion associations that are reduced with increasing temperature.
Further assessment of the sodium ion transport was done through determination of its cationic
transference numbers (tNa+) from the relationship tNa+ = D+/(D+ + D−) for all four electrolytes
and the results are shown in Table 7. With the exception of the 1M NaPF6 in
5EC:3PC:2DEC + FEC electrolyte at 298K, all tNa+ values are less than 0.5 showing the anion's
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mobility contributing significantly to the electrical performance of the electrolyte. In terms of the
solvent, the tNa+ values at 298K are 0.42, 0.28, 0.45 and 0.51 for EC:PC, EC:PC + FEC,
5EC:3PC:2DEC, and 5EC:3PC:2DEC + FEC, respectively. Porion et al. obtained a value of 0.38
± 0.1 for 1M LiPF6 in EC:DMC. Greater values were obtained for the 5EC:3PC:2DEC and
5EC:3PC:2DEC + FEC solvents at every temperature and supports its cation-anion association
capability previously mentioned. It must be stated that in spite of this, the sodium T1 were longer
for these electrolytes. The lowest tNa+ values were obtained for the 1M NaPF6 in EC:PC + FEC,
and suggest significant reduction in mobility of the sodium ion, which correlates directly with
the solution viscosity. This observation is also supported by the 1H and 23Na activation energies
(see Table 8) as determined from the D data. Unlike the cation, the PF6− anion in 1M NaPF6 in
EC:PC + FEC electrolyte had the lowest activation energy, experiencing a decrease of over
4 kJ mol−1 with the addition of the FEC, suggesting it is contributing significantly to the
electrolyte's electrical property.
Table 7: Variable temperature cationic transference numbers calculated from the self-diffusion
coefficients for the 1M NaPF6 in EC:PC, 1M NaPF6 in 5EC:3PC:2DEC, and their 2 wt. % FEC
modulated versions.
Temperature

EC:PC

EC:PC+2%FEC

(K)

5EC:3PC:2DEC

5EC:3PC:2DEC

+2%FEC

298

0.417

0.281

0.507

0.445

303

0.338

0.301

0.421

313

0.371

0.354

0.476

323

0.357

0.370

0.464

0.434

333

0.382

0.353

0.433

0.424
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Table 8: Calculated activation energies from the NMR D values for the 1M NaPF6 in EC:PC, 1M
NaPF6 in 5EC:3PC:2DEC, and their 2 wt. % FEC modulated versions. Missing values are due to the
large errors obtained for the Arrhenius fitting of the data.
Activation Energy (kJ•mol−1)
Diffusion Nuclei

23

Na

1

H

1

H

19

F

1

H

1

H

Diffusion

Na

PC

FEC

PF6

EC

DEC

Molecule
EC:PC

17.
9

EC:PC + 2%

23.

FEC

4

5EC:3PC:2DEC

17.
0

5EC:3PC:2DEC

11.

+ 2% FEC

7

± 0.
1
± 0.
3
± 0.
3
± 0.
2

18.
6

19.

2

19.
5

± 0.
3

16.
7

2
16.
0

± 0.
8

± 0.

± 0.
7

14.
6
17.

6

10.
8

± 0.

5
19.
4

± 0.
2

18.
3

± 0.
4
± 0.
1
± 0.
1
± 0.
0

19.
7
21.
9
17.
5
10.
4

± 0.
4
± 0.
3
± 0.
6
± 0.
3

18.

± 0.

0
25.

5
± 0.

4

6

To investigate the ion association the molar conductivity was determined from the
NMR D values for the cation (D+) and anion (D−) through the Nernst-Einstein equation (Eq.
4.7):

Λ 𝑁𝑀𝑅 =

𝑁𝐴 𝑒 2 (𝐷+ + 𝐷− )
𝑘𝑇

(4.7)

Here NA, and e are Avogadro's number and the electric charge respectively. Typically, the
calculated ΛNMR is greater than the ΛEIS which is determined from the Impedance Spectroscopy
measurements. This is because the D values are a measure of mass transport which includes

81

charged (free ions) and neutral (molecules, ion-pairs, aggregates, etc.) species, while the
conductivity is a measure of only the transport of charged species. The ratio of ΛEIS/ΛNMR is
described as the ‘ionicity’ and is related to the degree of ion disassociation114,115. In essence it
represents the portion of ions that contribute to the conduction process on the timescale of the
measurement115. The deviation of the ionicity from unity therefore represents the ion association.
The values of 1 - ΛEIS/ΛNMR are presented in Figure 31 for all four electrolytes and ranged from
0.2–0.6. As expected, the ion association correlates with the solution dielectric constants which
are smaller for the 1 M NaPF6 in 5EC:3PC:2DEC and 1 M NaPF6 in 5EC:3PC:2DEC + FEC
electrolytes. Surprisingly, the NMR-determined degree of ion association is approximately
temperature independent in spite of the decreasing dielectric constant and salt dissociation with
increasing temperature as determined from the temperature dependence of the Walden product.
This is contrast to what has been observed with NMR measurements for glyme-based Na
electrolytes which showed a strong temperature dependence99. The apparent disagreement
between the Walden Product and the NMR results may be attributed to length scale
considerations. That is, the NMR self-diffusion coefficient lengths are on the order of 1 μm,
whereas the conductivity probes a somewhat larger length scale. In particular, the NMR is
probing “microviscosity” effects, whereas the Walden plot reflects the macroscopic viscosity. A
similar phenomenon was recently reported (although with NMR T1 results) in ionic liquid
carbohydrate solutions116.
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Figure 31: NMR Nernst-Einstein calculated ion association. Missing values are due to signals overlap
which prevented accurate determination of the respective D values.

4.4 - Conclusion

The focus of this work was two-fold. One objective was to determine the effect of the FEC
additive on the fundamental ions transport of the base electrolytes, and the other was to
determine the presence and corresponding effect of ion association on these transport properties.
The image that emerged from analysis of both local and bulk transport parameters is one of an
intertwined domination of two properties – namely viscosity and polarity. At low temperature
where the viscosity is highest over the temperature range investigated, the expectation is of
greater ion-ion, solvent-solvent and ion-solvent interactions. The strength of these interactions
also depends on the solvent's polarity which is directly related to its dielectric constant. For
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lower dielectric constant electrolytes, weaker solvation of the ions resulted which in turn
enhanced ions association. Because of these, ion mobility is hindered. Support for this hindered
ion dynamics was provided by both ionic conductivity and NMR T1 of the ions and solvents. The
most compelling support was provided by the 23Na and 19F diffusometry measurements which
showed similar values for both ions at 298K in the 1M NaPF6 in 5EC:3PC:2DEC and 1M
NaPF6 in 5EC:3PC:2DEC + FEC electrolytes. The effect of lower dielectric constant also
affected salt dissociation which - as shown in Fig. 26 (right) - was lowest in the 1M NaPF6 in
5EC:3PC:2DEC and 1M NaPF6 in 5EC:3PC:2DEC + FEC electrolytes, both of which
experienced a greater decrease with increasing temperature compared to the more polar
electrolytes.

At higher temperatures the viscosity decreases, and ion dynamics becomes less hindered.
Although both the cation and anion become more mobile, the anion's contribution to the overall
ions transport is greater - especially in the case of the more polar electrolytes. This suggests that
although the salt dissociation is reduced corresponding to less available charge carriers at higher
temperatures, this reduction is outweighed by the increase in mobility gained from the
reduced intermolecular interactions associated with the lower viscosity.
In terms of the solvent, diffusometry data indicates ion solvation is preferentially attributed to
the PC molecules, especially in the more polar electrolytes. This is clearly seen for the 1 M
NaPF6 in EC:PC electrolyte for which differences ranging from 11.6% at 298 K to 16.9% at
333K were determined between the D values of EC and PC. For the 1M NaPF6 in
5EC:3PC:2DEC electrolyte, a similar comparison yielded a 14.6% and 8.86% difference at
298 K and 333 K respectively, suggesting that EC may also be part of the ions’ solvation spheres
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in the less polar electrolyte, especially at higher temperatures. Based on the same analysis, it also
appears that DEC contribute to the ions’ solvation in this less polar electrolyte, with differences
of 6.1% and 1.7% calculated between its D value and that of PC at 298 K and 333 K
respectively. It must be stated that the similarity in the mobilities of DEC and PC could also be
due the larger size of DEC, which becomes less of a factor as temperature increases thereby
enhancing its cis-trans conformation flexibility and corresponding dynamics.
The overall effect of the inclusion of FEC appears to depend more on the electrolyte's polarity
than its viscosity. Whereas in the more polar EC:PC solvent electrolyte its effect on both
molecules was modest, for the less polar 5EC:3PC:2DEC solvent electrolyte it increased
the D values for both the EC and DEC molecules. As previously stated, FEC has a terminating
electronegative fluorine atom which can induce stronger interactions with the ions. The increase
in D values for the EC and DEC molecules with the FEC inclusion suggest FEC is a part of the
ions’ solvation spheres, especially that of cation. In spite of FEC's selective behavior, its
inclusion had more positive effects for the less polar electrolyte. It caused a reduction in the ion
association of the 1M NaPF6 in 5EC:3PC:2DEC electrolyte, which contributed significantly to
its greater conducting properties and its greater salt dissociation capabilities at lower
temperatures. These results suggest that the inclusion of FEC offers more advantages for less
polar electrolytes.
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Chapter 5: Investigation of Glass-Ceramic Lithium Thiophosphate
Solid Electrolytes Using NMR and Neutron Scattering1
5.1 - Introduction
Li-based solid-state batteries (SSBs) have gained significant interest due to their potential for
improved energy density and safety compared to Li-ion systems containing liquid electrolytes. A
major challenge for SSBs is development of solid electrolytes (SEs) which meet several key
requirements including: (i) high Li+ conductivity (ca. 1–10 mS/cm at room temperature), (ii) good
compatibility with Li metal anodes and high energy cathodes, and (iii) ability to be scalably
processed into thin separators (<30 µm thick) for practical devices.117,118 A wide range SE classes
including oxides, sulfides, and polymers have been developed, but no single material has been able
to satisfy all the requirements for Li metal batteries.119,120
A promising class of SEs include lithium thiophosphates (and corresponding composites)

1

This work was done in collaboration with both the Chemical Sciences Division and Neutron

Scattering Division from Oak Ridge National Laboratory. Materials preparation and
conductivity measurements were performed by Dr. Ethan Self from Oak Ridge National
Laboratory, Chemical Sciences Division. Neutron Scattering measurements were performed by
Dr. Po-Hsiu Chien, and Dr. Jue Liu from Oak Ridge National Laboratory, Neutron Scattering
Division. Solid State NMR measurements were performed by Dr. Lauren O’Donnell and the
author at Hunter College. This work contributed to a publication in Materials Today Physics
(https://doi.org/10.1016/j.mtphys.2021.100478).
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which have room temperature Li+ conductivities exceeding 1 x 10–4 S/cm and can be prepared
using scalable solvent-mediated routes. The structure and properties of these materials are highly
dependent on the synthesis conditions and thermal treatment121,122 and oftentimes the materials are
glass-ceramics containing both crystalline and amorphous domains. While the structures of
crystalline phases (e.g., ß-Li3PS4123, Li7P3S11124, and Li6PS5Cl125) have been solved using
diffraction techniques, relatively little is known about the local structure of their amorphous
counterparts. Furthermore, the connection between local structure and SE performance (e.g., Li+
conductivity and resistance to Li dendrite growth) is still poorly understood. As such, identification
of structure/function correlations, especially for amorphous and composite materials, is needed to
aid development of lithium thiophosphate SEs.

Two methods which are well-suited for studying local bonding in amorphous materials include
pair distribution function (PDF) analysis and solid-state nuclear magnetic resonance (ssNMR)
spectroscopy. While X-ray scattering methods are relatively insensitive to light elements such as
H and Li, neutron PDF is particularly advantageous for studying Li-based SEs due to lithium’s
large neutron scattering cross section. Similarly, ssNMR is well-suited to correlate Li+ dynamics
and local structure126, which does not require crystalline order, with experimentally measured Li+
conductivities. These techniques have been applied to various amorphous and glass-ceramic
materials including sulfide/thiophosphate SEs127–130 and Lipon131,132. The present work extends
application of ssNMR and nPDF techniques to study ß-Li3PS4 and Li3PS4-based composite SEs.

Our team recently reported a solvent-mediated synthesis route to produce amorphous
composite SEs containing Li3PS4 and a poly(ethylene oxide) (PEO) binder.121 Incorporating
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polymer binders while maintaining high Li+ conductivity is one possible route to enable thin (<30
µm), processable SE separators. For this purpose, several polymer binders have been investigated
including

(e.g.,

nitrile

butadiene

rubber133,134,

poly(vinylidenefluoride)-co-hexafluoropropylene136,

poly(tert-butyl

PEO121,136,

and

acrylate)135,

polystyrene-block-

polyethylene-ran-butylene-block-polystyrene136). Overall, these studies have shown that structure
and ionic conductivity of the composites are highly sensitive to the solvent/binder selection. PEO
is a particularly interesting binder for composite SEs, as incorporating Li+ salts may enable Li+
conduction through both the ceramic SE and PEO phases.

In our prior work on Li3PS4/PEO composite SEs, we utilized X-ray photoelectron
spectroscopy and Raman spectroscopy to understand how the polyanionic network evolves during
thermal treatment. However, assignment of spectroscopic bands is somewhat ambiguous, and there
is some discrepancy in the literature on how to assign key polyanionic groups including PS 43–,
P2S74–, P2S62–, (PS3)nn– chains, and P2S64–. To supplement our original study, herein we apply
ssNMR and nPDF to evaluate local bonding in ß-Li3PS4 and amorphous Li3PS4 + 1% PEO
prepared through solvent-mediated routes.

5.2 - Materials and Methods

5.2.1 - Solid Electrolyte Synthesis
ß-Li3PS4 and amorphous Li3PS4/PEO composite SEs were prepared using a solventmediated route as described previously.121 Tetrahydrofuran (THF) and acetonitrile (AN) were used
as the solvents during synthesis of ß-Li3PS4 and amorphous Li3PS4/PEO composites, respectively.
88

The THF reagent (99.8%, Acros Organics) did not contain a reductive stabilizer, and the solvent
was stored and dispensed in an Ar glovebox to mitigate peroxide formation. SE powders were
dried for at least 12 h under vacuum at 45–140 °C. All materials were handled in an Ar-filled
glovebox and characterized in containers sealed under Ar. Ionic conductivity was measured using
AC impedance spectroscopy in a blocking cell configuration as described previously.121

5.2.2 - XRD
XRD measurements were performed on a Scintag XDS 2000 powder diffractometer with
Cu Kα radiation (λ = 1.5406 Å) in the 2θ range of 10−80°. The operating voltage and current of
the X-ray generator were 38 kV and 32−35 mA, respectively. Powders were mounted on glass
slides and covered with Kapton tape to mitigate air exposure during XRD measurements.

5.2.3 - NMR
Solid state MAS NMR (ssNMR) experiments were conducted using a 7.05 T Varian-S
direct drive wide bore spectrometer with an operating frequency of 301.4 MHz for protons, using
a 3.2 mm MAS Chemagnetics broadband probe. A single pulse experiment (SPE) was applied to
1

H, 31P and 7Li to evaluate the materials’ structure. All samples were handled under Ar atmosphere

and packed into 3.2 mm thick-walled zirconia rotors, and the MAS rate was 15 kHz. For 1H spectra,
pulse widths were 7 µs using 128 scans with a 20 second recycle delay. For
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P spectra, pulse

widths were 2.8 µs using 64 scans with 60 - 300 second recycle delays. For 7Li spectra, pulse
widths were 2.5 µs, with 64 scans with 20 second recycle delay. Tetramethylsilane (TMS), 1M
H3PO4, and Li trifluoromethanesulfonate were used as external references for 1H,

31

P, and 7Li

spectra, respectively.

89

5.2.4 - Neutron Scattering
Time-of-flight (TOF) neutron scattering experiments were performed using the NOMAD
instrument (BL-1B) at the Spallation Neutron Source (SNS, Oak Ridge National Laboratory).
Samples were sealed in vanadium cans, and data were collected at 300 K. The raw data were
normalized against a vanadium rod after removing the background signal (empty V cans) from the
multiple banks (#2 to #5) diffraction data. The neutron total scattering structure, S(Q), was obtained
by sine Fourier transformation of the reduced pair distribution function, G(r), at a Qmax of 28 Å–1.
The Rietveld refinements of ß-Li3PS4 and Li3PS4-based composite SEs were performed using
TOPAS v621. The d-spacing of the TOF diffraction data was converted by TOF = Zero + Difc*d +
Difa*d2. Zero and Difc were fixed as constants after refining against the neutron diffraction data
of the NIST standard Si 640e. Difa was refined against the multiple banks (#2 to #5) diffraction
data to accommodate the sample displacements and peak shifts induced by absorption. Absorption
correction was performed by employing an empirical Lobanov formula.22 For low-resolution
banks (#2 and #3), the peak profiles were described by a convolution of a back-to-back exponential
function and a symmetrical Gaussian function. For high-resolution banks (#4 and #5), the
moderator-induced peak profiles were described by a modified Ikeda-Carpenter-David function.

5.3 - Results and Discussion
Solvent-mediated synthesis routes can produce a wide range of glass-ceramic lithium
thiophosphate SEs. The present study focuses on two Li3PS4-based SEs including ß-Li3PS4 and
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amorphous composites containing 1 wt% PEO binder. Lab-source powder XRD patterns
demonstrate that the Bragg peaks of the ß-Li3PS4 sample indexed with the expected phase, and the
composites were largely amorphous except for a small amount of unreacted Li2S. Notably, the
amorphous structure of the Li3PS4+1% PEO composites is due to using acetonitrile (AN) as the
solvent which inhibits formation of crystalline ß-Li3PS4.121 XRD patterns show that Li3PS4
with/without PEO prepared from AN have very similar structures.

Table 9 lists the Li+ conductivity at 25°C and activation energies of these SEs as determined
using AC impedance spectroscopy. ß-Li3PS4 exhibited the highest Li+ conductivity and lowest
activation energy with values that are consistent with previous reports.137,138 Annealing the
composites at a moderate temperature (140°C) increased the Li+ conductivity several orders of
magnitude due to loss of coordinated solvent and rearrangement of the polyanionic network.121

Table 9: Room temperature (RT) ionic conductivity (σLi+) and activation energy (EA) for ß-Li3PS4 and
composite Li3PS4+1% PEO samples. Corresponding Nyquist and activation plots were reported in our
previous study.116 Full-width half maxima (FWHM) of the 7Li peak (determined via ssNMR) correlate
well with the observed σLi+ values.

Sample

Tanneal (°C) σLi+ at RT (S/cm) EA (eV)

7Li

Li3PS4 + 1% PEO 45

4.5 x 10-9

1.35

618

Li3PS4 + 1% PEO 140

8.7 x 10-6

0.42

239

ß-Li3PS4

1.2 x 10-4

0.33

165

140

FWHM (Hz)
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The long-range structure of ß-Li3PS4 and Li3PS4 + 1% PEO samples was further characterized
using neutron diffraction (see Figure 32). Interestingly, all patterns exhibited the following
features: (i) sloping backgrounds from hydrogen absorption, where proton sources include
coordinated solvent (THF for ß-Li3PS4 and AN for the composites) and PEO binder, (ii) Bragg
reflections due to crystalline phases, and (iii) broad features due to amorphous domains.

The ß-Li3PS4 sample contained predominantly the expected phase along with 10% unreacted
Li2S (see Table 10) which likely lowered the sample’s Li+ conductivity.139 As such, future work
should explore decreasing the Li2S/P2S5 molar ratio to eliminate Li2S impurities in the final
product. For the composites with 1% PEO, similar results were observed except that γ-Li3PS4 was
obtained after annealing at 140 ℃. Notably, this phase was not detected in the lab-source XRD
measurements due to experimental limitations (e.g., use of Kapton film in a reflection geometry
which compromised data quality). These refinements only reflect the relative amounts of
crystalline phases in each sample, so ssNMR and nPDF analyses were also performed to probe the
local structure of amorphous components.
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Figure 32: Rietveld refinement of neutron diffraction data (Bank 5; 2θ = 154°) for ß-Li3PS4 and Li3PS4
+ 1% PEO (composites) samples.

Table 10: Relative amounts of crystalline phases detected in ß-Li3PS4 and amorphous Li3PS4 + 1%
PEO samples as determined by Rietveld refinement of the neutron diffraction data shown in Figure 32.

Sample

ß-Li3PS4 (%) γ-Li3PS4 (%) Li2S (%)

Li3PS4 + 1% PEO, 45°C

87

0

13

Li3PS4 + 1% PEO, 140°C 43

46

11

ß-Li3PS4

0

10
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ssNMR data for the Li3PS4-based SEs is shown in Figure 33. Single pulse 7Li spectra of
all materials exhibited a peak centered around 0.8 ppm. Compared to ß-Li3PS4, the increased
linewidth indicates the presence of less mobile Li+ ions in lower symmetry environments, and the
FWHM of these peaks correlate well with the measured conductivity values (see Table 9).

Figure 33: ssNMR of ß-Li3PS4 and amorphous Li3PS4 + 1% PEO SE powders showing (a) 7Li and (b)
31

P spectra.

In addition to Li+ dynamics from the 7Li spectra, the 31P NMR spectra (Figure 33b) provide
key information on the materials’ polyanionic structures. Thiophosphate glass-ceramics generally
contain one or more of the following tetrahedrally-coordinated P units: PS43–, P2S62–, P2S64–, P2S74–
and/or (PS3)nn– chains which can be distinguished via NMR by their unique chemical shifts. The
ß-Li3PS4 contained a prominent peak at 86 ppm which is consistent with the presence of isolated
PS43– polyanions as expected.140,141 The weak shoulder at 89 ppm for the ß-Li3PS4 sample signifies
the presence of another P environment such as P2S74– 141or γ-Li3PS4128. Since no crystalline γLi3PS4 was detected in this material (see neutron diffraction data in Figure 32), the material is more
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accurately described as a glass-ceramic containing crystalline (ß-Li3PS4) and amorphous (Li4P2S7like) domains. The 31P spectra of the samples with 1% PEO showed dramatic changes upon thermal
annealing at 45 vs. 140°C. When dried at 45°C, the spectrum showed a single peak at 83 ppm
which can be attributed to: (i) oxygen substitution in the thiophosphate polyanions (e.g., PS3O3–)128
due to reactions with the PEO binder and/or (ii) metathiophosphate (PS3)nn– chains.141,142
Significant amounts of PS3O3– in these composites are unlikely since they only contained 1 wt%
PEO. Moreover, assignment (ii) is consistent with the nPDF analysis discussed later. After
annealing at 140°C, a band at 87 ppm (due to PS43– tetrahedra) appeared along with a broad
shoulder that extended from ca. 88 to 110 ppm. This broad band is attributed to several P
coordination environments including γ-Li3PS4, P2S74–, and/or P2S64–.128,140,141 Interestingly, no
peaks ~55 ppm due to P2S62– polyanions142 were observed, which is contradictory to the Raman
band assignment in our prior work.121

1

H NMR spectra were collected on the composite samples (Figure 34) to probe interactions

between the lithium thiophosphate phase(s), coordinated acetonitrile, and PEO binder. Pure PEO
is a semi-crystalline polymer, and its 1H spectrum showed the following features: (i) a sharp peak
at 4.7 ppm corresponding to amorphous domains with high chain mobility and (ii) a broad
component ~10 ppm due to crystalline domains with limited chain mobility.143 On the other hand,
the 1H spectra of composite Li3PS4 + 1% PEO samples contained broad features which indicates
complexation between the polymer’s ether groups and Li+ ions. Interestingly, the composite
sample heated at 140°C contained sharp peaks at 0.3 and -0.2 ppm which are attributed to
coordinated acetonitrile not removed during thermal processing. The absence of these peaks in the
45°C sample is unclear at this time, but one possible explanation is the presence of "protected"
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isolated regions of AN for this sample.

Figure 34: 1H NMR spectra of pure PEO and amorphous Li3PS4 + 1% PEO samples. Annealing
temperature is indicated in parentheses. PEO was not heated prior to the NMR measurements.
Spinning sidebands are marked by asterisks.

Following the findings obtained through 1H, 7Li and
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P ssNMR, neutron pair distribution

function (nPDF) analysis was performed to further reveal the local structure of these materials.
Specifically, PDF is powerful tool that allows one to precisely track the P–P, S–S, and P–S
correlations for disordered glass-ceramics.127,142,144,145 Figure 35 shows each sample’s reduced
nPDF, G(r), which represents the probability of finding a neighboring atom at a distance r from a
given atom. Approximate distances between two atoms (P–P, S–S, and P–S) associated with each
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polyanionic structure observed in the ssNMR measurements (i.e., PS43–, P2S74–, (PS3)nn–, and P2S64–)
are highlighted in Figure 35a. ß-Li3PS4 exhibited a strong peak at ~2.0 Å (red line) which is
consistent with the P–S bond length in PS43– tetrahedra144,146, the dominant polyanion in this
structure. This finding is further supported by the peak near 3.3 Å (black line) which corresponds
to the distance between adjacent S atoms in PS43–.144,146.

Compared to ß-Li3PS4, the composites contained more diverse P–P bonding correlations (e.g.,
P2S64– and P2S74– indicated by the green and purple lines at ~2.3 Å and ~3.5 Å, respectively)33
which evolved during thermal treatment. Notably, annealing at higher temperature (from 45°C to
140°C) coincided with decreased intensity of the 1.8 Å peak and increased intensity of the 2 Å
peak. Here, the peak centered around 1.8 Å (yellow line) is attributed to terminal P–S bonds (i.e.,
involving non-bridging S atoms) in (PS3)nn– chains. This assignment is supported by the trend in
analogous phosphates wherein terminal P–O bonds in metaphosphate chains (PO3–) are typically
~0.1 Å shorter than in orthophosphates (PO43–)147,148. These findings suggest that the (PS3)nn–
chains are broken into isolated PS43– units when annealing at moderate temperature (140 °C). A
quantitative analysis on the relative distribution of these amorphous and crystalline phases would
require detailed modeling efforts which is outside the scope of this study.

Overall, the ssNMR and neutron scattering results demonstrate the structural complexity
of lithium thiophosphate SEs prepared through solvent-mediated routes. In addition to the expected
PS43– tetrahedra, the ß-Li3PS4 sample contained other P bonding environments (e.g., P2S74–) which
indicates the presence of amorphous domains not detected by diffraction methods. Furthermore,
the composite samples with 1 wt% PEO binder contained a broad range of P environments (e.g.,
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PS43–, P2S74–,(PS3)nn– chains, and P2S64–) whose distribution depends on thermal treatment. These
differences, along with complexation between the PEO binder and Li+ ions, are consistent with the
lower Li+ conductivity of the composite samples. In general, these results suggest that polyanions
with higher P coordination numbers (λP-S) increase Li+ mobility as illustrated schematically in
Figure 36.

Figure 35: a) Various P–S polyanionic structures with approximate bond lengths. (b) Neutron pair
distribution function (nPDF) for ß-Li3PS4 and Li3PS4 + 1% PEO samples measured at 300K. Vertical
lines correspond to expected bond lengths described in (a).
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Figure 36: (a) Structure of various thiophosphate polyanions and corresponding λP–S values which
denote the number of S atoms bonded with P. (b) Qualitative illustration of how polyanionic structure
impacts Li+ conductivity for the SEs investigated in this study. σLi+ values listed in (b) were measured at
room temperature (see Table 1).

5.4 - Conclusions
Development of superionic solid conductors using scalable synthesis routes is critical to
enable all-solid-state batteries with improved energy density and safety compared to conventional
Li-ion systems. Despite growing activity in the field, integration of SEs into devices with Li metal
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anodes and high voltage cathodes remains a challenge.
The present work utilizes ssNMR and neutron scattering to understand the local structure
of ß-Li3PS4 and amorphous composites containing Li3PS4 + 1% PEO. These findings highlight the
complexity of these glass-ceramics which contain both amorphous and crystalline domains. While
the predominant polyanion in ß-Li3PS4 was PS43– tetrahedra, the material also contained some
unexpected P coordination environments such as P2S74–. For the composite samples, 1H NMR
spectra suggested there was complexation between the binder’s ether groups and Li+ cations in the
thiophosphate phase. The polyanionic structure of these composites was highly sensitive to thermal
treatment. Drying at 45°C yielded (PS3)nn– metathiophosphate chains, whereas annealing at 140°C
coincided with formation of amorphous PS43– and P2S74– structures. These polyanions with higher
P coordination numbers correlated with significantly higher Li+ conductivity (e.g., 4.5 x 10–9 vs.
8.7 x 10–6 S/cm at room temperature for Li3PS4 + 1% PEO annealed at 45 and 140 °C, respectively).
Interestingly, neutron scattering measurements showed significant H absorption for all samples
which indicates that thermally processing at 140°C did not fully remove coordinated solvent (THF
for ß-Li3PS4 and AN for amorphous Li3PS4 + 1% PEO composites). One way to better understand
how coordinated solvent affects SE structure is to use deuterated solvents which mitigate
incoherent scattering by 1H and improve the quality of the neutron diffraction data.

Overall, the results in this work highlight structure/function correlations for glass-ceramic
SEs produced through solvent-mediated synthesis routes. The polyanionic network in these
materials has a dramatic impact on their Li+ conductivity, and the final structure depends on the
relative stability of solvated complexes and equilibrium among these intermediates. As such,
interactions among the precursors, solvent, and polymer binder (in the case of composite SEs)
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requires careful consideration for development of high-performance SEs through solution-based
routes. Several directions for future research to increase the ionic conductivity of the Li3PS4-based
composites include5: (i) optimizing the Li2S/P2S5 molar ratio to eliminate Li2S impurities which
likely reduce the overall ionic conductivity, (ii) incorporating Li-based salts in the PEO binder
matrix to enable Li+ conduction through both the polymer and sulfide phases, and (iii) utilizing
one-pot synthesis routes with different solvents and binders that do not inhibit crystallization of ßLi3PS4.
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Chapter 6: Single Crystal 7Li and 31P Chemical Shift Tensor Study
of LiFexMn1-xPO4 Cathode Materials1
6.1 – Introduction

The widespread use of mobile devices and technologies has driven research into safer, and more
efficient batteries. For years, lithium ion batteries have been the battery of choice for portable electronics,
owing to their high energy density. Most modern Li-ion batteries today employ the use of lithium cobalt
oxide (𝐿𝑖𝐶𝑜𝑂2 , 𝐿𝐶𝑂) as the cathode material, which maintains a high energy density, but presents
notable safety concerns, such as thermal runaway when overheated149. The greater demand for batteries
has also driven the price of cobalt to skyrocket150. Aside from LCO, most other commercial cathode
materials contain some amount of cobalt (NMC), and thus there is an incentive to search for an alternative
cathode material. Transition metal phosphate cathodes, namely lithium iron phosphate (𝐿𝑖𝐹𝑒𝑃𝑂4 , 𝐿𝐹𝑃),
and lithium manganese phosphate (𝐿𝑖𝑀𝑛𝑃𝑂4 , 𝐿𝑀𝑃), have been extensively researched as viable
alternatives, due to their higher specific charge capacity, low toxicity and chemical stability relative to
LCO. However, they are not without their disadvantages; LFP has a lower operating voltage than LCO,
leading to an overall lower energy density151, while LMP’s poor conductivity results in lower realized

1

This work was performed in collaboration with Dr. Phillip Stallworth and Dr. Michelle Neary

from Hunter College, and Dr Yuri Janssen from Stony Brook University. Materials synthesis and
preparation was performed by Dr. Janssen. X-Ray Diffraction and lattice parameter
measurements were performed by Dr. Neary at Hunter College. NMR measurements were
performed by the author, while the data analysis was done by Dr. Stallworth and the author at
Hunter College.
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capacity and stability152,153. A new class of mixed transition-metal cathode materials, 𝐿𝑖𝐹𝑒𝑥 𝑀𝑛1−𝑥 𝑃𝑂4 ,
has been studied154, in the hopes that a combination of Fe and Mn will yield better electrochemical
properties than pure LFP or LMP alone. Thus, it is necessary to determine the exact role that iron and
manganese play in the electrochemical properties of these materials, and how these properties can be finetuned with the composition x.

As a structural characterization tool, Solid State NMR (ssNMR) is uniquely well-suited to study
the local magnetic and electronic environment. In this system, both 7Li and 31P NMR serve as useful
probes for investigating the variation in electronic structures as the TM content changes. Most NMR
studies on this system comprise MAS experiments on powder samples155,156 or first principles studies157–
160

. Although MAS studies provide valuable structural information and isotropic shifts, they

fundamentally lack information on any anisotropic interactions, due to the spinning averaging out any
angular dependence. NMR studies on Single Crystals161–163, while less commonly performed due to its
difficulty, can provide all the relevant structural information while acting as an empirical check on firstprinciples calculations.

6.2 – Experimental Methods
LFMP Single crystals of size ~20-30mm3 were grown using a salt flux method164 by Dr.
Yuri Janssen from the Department of Chemistry, Stony Brook University. X-Ray Diffraction
measurements were performed by Dr. M. Neary from the Department of Chemistry, Hunter
College. The diffraction results yielded the lattice constants for each material (𝑎 ≈ 10.3 −
10.5Å, 𝑏 ≈ 6.1Å, 𝑐 ≈ 4.7Å). The set of crystals were confirmed to be orthorhombic P type, and
were shown to exhibit minor twinning.
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To perform the experiment and measure 𝜹, it is necessary to determine the location of the
crystallographic axes on the crystal. This is accomplished using x-ray diffraction, performed at
Hunter College by Dr. Michelle Neary. A crystal is mounted on a goniometer, which is attached
to the diffractometer. The lattice parameters (𝑎 ≈ 10.3 − 10.5Å, 𝑏 ≈ 6.1Å, 𝑐 ≈ 4.7Å) and
crystal axes were then identified and represented as a set of rotational coordinates (𝜃, 𝜙),
depending on the original orientation of the crystal. 𝜃 corresponds to the rotational displacement
from the positive z-axis, while 𝜙 corresponds to the rotational displacement about the
goniometer rotation axis, relative from the positive lab-y axis when 𝜃 = 0. The angle pairs are
such that the crystal axis in question is oriented in the positive z-axis.

Figure 37: A description of the ‘Kappa’ geometry of the XRD, with associated lab axes.
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Once the principal crystallographic axes are identified from XRD, it is necessary to mark
the locations on the crystals themselves, to allow for proper alignment in the NMR probe. A
prototype device, seen in Figure 38, was designed and built at Brooklyn College to mark the
crystals. This device consists of a mount for the XRD goniometer, which can revolve about its
own axis and around a table which is graduated every degree. A pen is stationary at the 180°
mark, corresponding to the lab z-axis. The goniometer is first mounted onto the device and is set
so that (𝜃, 𝜙) = (0,0). Next, the table and goniometer rotate such that a crystal axis is facing the
pen and is subsequently marked. This process is repeated until all axes are marked. The relative
error in the markings is approximately 3-5° for each crystal.

Figure 38: Device Prototype. The goniometer (circled in red), free to rotate about its own axis,
represents ϕ, while the pen (circled in blue) represents the positive z-axis. The relative orientation of
the pen and the goniometer corresponds to θ.

105

All NMR measurements were performed using a Tecmag Apollo spectrometer, operating
at 116.642MHz and 121.495MHz for 7Li and 31P, respectively. All crystals were glued onto a
goniometer plate which is then inserted inside a home-built probe, such that one crystallographic
axis remained perpendicular to the external field while rotations about the coil axis occurred.
This process was repeated for all three axes. NMR spectra were recorded from 0° - 180°, in steps
of 15°, for a total of 13 spectra per nucleus, per axis (72 spectra per crystal). a solid echo
𝜋

𝜋

𝜋

sequence ( 2 − 2 − 𝑎𝑐𝑞.) was used for 7Li experiments, while a spin echo sequence ( 2 − 𝜋 −
𝑎𝑐𝑞. ) was used for 31P. All 7Li shifts were referenced to solid LiTf (𝛿 = 0ppm), while 31P shifts
were referenced to 85% 𝐻3 𝑃𝑂4 (𝛿 = 0ppm).
6.3 – Tensor Fitting and Analysis

Once all the spectra for a given crystal are acquired, the data set is visually fitted to
obtain the chemical shift tensor for each nucleus. This was performed using a suite of MATLAB
codes: XTALFIT1_scale, XTALFIT2_scale, and TENSOR_scale – written by Dr. Phillip
Stallworth. The program’s utility lies in taking lab frame data, converting it into the crystal frame
through a series of transformations based off the experimental setup, and diagonalizing the
crystal frame tensor to obtain the Principal Axis System (PAS). The transformation between the
lab frame and crystal frame tensor is below:
−1
𝛿𝐿𝐴𝐵 = 𝑅𝐶𝑟𝑦𝑠𝑡𝑎𝑙
𝛿𝐶𝑟𝑦𝑠𝑡𝑎𝑙 𝑅𝐶𝑟𝑦𝑠𝑡𝑎𝑙
𝐿𝐴𝐵

(6.1)

𝐿𝐴𝐵

−1
−1
(𝜃)𝑅||𝐵
= 𝑅𝑐𝑜𝑖𝑙
𝛿
𝑅 𝑅 (𝜃)
0 𝐶𝑟𝑦𝑠𝑡𝑎𝑙 ||𝐵0 𝑐𝑜𝑖𝑙

(6.2)
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Here 𝑅𝑐𝑜𝑖𝑙 (𝜃) is the rotation matrix about the lab x-axis:
1

0

0

𝑅𝑐𝑜𝑖𝑙 (𝜃) = (0 𝑐𝑜𝑠𝜃
0 𝑠𝑖𝑛𝜃

−𝑠𝑖𝑛𝜃)

(6.3)

𝑐𝑜𝑠𝜃

𝛿𝐶𝑟𝑦𝑠𝑡𝑎𝑙 is the crystal frame tensor:

𝛿𝐶𝑟𝑦𝑠𝑡𝑎𝑙

𝛿𝑥𝑥
= (𝛿𝑦𝑥
𝛿𝑧𝑥

𝛿𝑥𝑦
𝛿𝑦𝑦
𝛿𝑧𝑦

𝛿𝑥𝑧
𝛿𝑦𝑧 )
𝛿𝑧𝑧

(6.4)

And 𝑅||𝐵0 is the orientation matrix, determined by the initial orientation of the crystallographic
axes to the external field 𝐵0. As an example, for rotations of an orthorhombic crystal system
where [100] is originally aligned with the coil, and [001] is originally along 𝐵0:
1 0 0
𝑅𝑧||𝐵0 = (0 1 0)
0 0 1

(6.5)

In general, for rotations about the crystal k axis (k = [100],[010],[001]), the measured chemical
shift is:
𝛿𝑚𝑒𝑎𝑠 (𝜃) = 𝛿𝑖𝑖 sin2 𝜃 + 𝛿𝑗𝑗 cos 2 𝜃 + 2𝛿𝑖𝑗 𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃

(6.6)
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Where 𝑖, 𝑗 ≠ 𝑘.

Figure 39: Schematic of the crystal position with respect to the magnetic field.

Thus, performing separate rotations along [100], [010], and [001] yields all components of the
crystal frame tensor. By symmetry arguments, 𝛿𝑖𝑗 = 𝛿𝑗𝑖 for 𝑗 ≠ 𝑖. Thus, the fits utilize 6 tensor
elements – three diagonal and three off-diagonal – to fit all 39 spectra for a given crystal.
While MAS NMR on polycrystalline samples can yield the principal values of the chemical shift
tensor, all information on the relative orientation of the PAS with respect to the crystal frame is
lost.
Once the tensors are obtained in the PAS frame, several quantities can be derived. The isotropic
shift is determined from the principal components of the PAS tensor:

𝛿𝑖𝑠𝑜 =

𝛿11 + 𝛿22 + 𝛿33
3

(6.7)
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One convention for reporting isotropic shifts and principal components is the Haeberlen
convention165:
|𝛿33 − 𝛿𝑖𝑠𝑜 | ≥ |𝛿11 − 𝛿𝑖𝑠𝑜 | ≥ |𝛿22 − 𝛿𝑖𝑠𝑜 |

(6.8)

Δ (anisotropy) = 𝛿33 − 𝛿𝑖𝑠𝑜

(6.9)

𝜂 (asymmetry parameter) =

𝛿22 − 𝛿11
,0 ≤ 𝜂 ≤ 1
Δ

(6.10)

6.4 Results and Discussion

Figure 40: Unit cell of olivine compound LiMnPO4. Crystal Structures were made in VESTA166.
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The orthorhombic crystal structure of the LiMnPO4 olivine can be seen in Figure 40;
substitution of Mn atoms with Fe yields the mixed olivine LiFexMn1-xPO4. Fe/Mn coordinates
with 6 oxygen atoms to form MO6 octahedra, which are connected by PO4 tetrahedra. Previous
studies on LiFePO4 indicate a stable structure, with lithiation/de-lithiation primarily along [010],
due to a higher ionic conductivity in this direction167. Meanwhile, LiMnPO4 has been shown to
exhibit higher redox potential, though at the expense of mechanical stability during
charge/discharge due to Jahn-Teller distortion168.

LiFexMn1-xPO4 has been shown to exhibit the stability and higher capacity compared to LiFePO4,
while the presence of Mn2+ leads to a higher redox potential.154,169 One of the main challenges in
studying the system is understanding the true distribution of TM ions in the lattice: whether Fe
and Mn are randomly distributed or exist in nanoscopic regions of LiFePO4 and LiMnPO4. Thus,
31

P and 7Li NMR can act as probes to understand the local order of this system. From an NMR

standpoint the materials are highly anisotropic, as the dominant interactions are the paramagnetic
hyperfine interaction, as well as the quadrupolar interaction for 7Li. In both nuclei, the presence
of a large range of shifts (±1000ppm off the isotrpic shifts) suggest significant contribution
from both the ‘through-space’ paramagnetic pseudocontact interaction, as well as from the
‘through-bond’ Fermi contact. These materials were studied using MAS NMR by Clare Grey et
al.156, and fermi contact shifts were computed using DFT156,160; these computations lend credence
to the argument that the TM distribution is truly random. This work seeks to confirm this
argument, as well serve as an experimental check on DFT-computed shifts and anisotropies.
6.4.1 7Li NMR
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For 7Li, the observed resonance in each spectrum primarily comes from the paramagnetic
hyperfine and quadrupolar interactions:

𝜈𝑠ℎ𝑖𝑓𝑡 ∝ 𝑰 ∙ (𝑫 ∙ 𝒈 ∙ 𝒈 +

𝐴
𝒈) ∙ 𝑩𝟎 + 𝑰 ∙ 𝑸 ∙ 𝑰
ℏ

(𝟔. 𝟏𝟏)

𝐴

Where 𝑫 ∙ 𝒈 ∙ 𝒈, ℏ 𝒈 are the Fermi contact and pseudocontact contributions, and Q is the
interaction tensor between the 7Li spin and the surrounding electric field gradient. The
quadrupolar interaction also leads to the existence of satellite peaks in the 7Li spectra. While
some satellite peaks can be observed for each crystal, they are not well resolved through the full
rotation. This is likely due to the significant broadening incurred at high field from paramagnetic
relaxation170, and thus no analysis of the EFG tensors was performed.
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Figure 41: 7Li rotation plots of LiMnPO4 from 0°≤θ≤180°.
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Figure 42: 7Li rotation plots of LiFe.25Mn.75PO4 from 𝟎° ≤ 𝜽 ≤ 𝟏𝟖𝟎°.
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Figure 43: 7Li rotation plots of LiFe0.5Mn0.5PO4 from 𝟎° ≤ 𝜽 ≤ 𝟏𝟖𝟎°.
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Figure 44: 7Li rotation plots of LiFe0.75Mn0.75PO4 from 𝟎° ≤ 𝜽 ≤ 𝟏𝟖𝟎°.
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Figure 45: 7Li rotation plots of LiFePO4 from 𝟎° ≤ 𝜽 ≤ 𝟏𝟖𝟎°. Paramagnetic broadening, quadrupolar
satellite peaks and slight crystal alignment result in deviations of the spectra from ideal fits.

Rotation plots of 7Li spectra for each crystal are found in Figures 41-45; the red spectra denote
idealized fits using components of the chemical shift tensor. Deviations of the fitted spectra from
experiment are due to several factors; paramagnetic and quadrupolar broadening, as well as the
presence of satellite peaks made determination of the central peak difficult. Additionally, there
existed slight misalignments of the crystals on the goniometer plate, which resulted in imperfect
fittings. Moreover, the [100] rotations for LFP were hindered from 90° onwards due to damage
suffered by the goniometer plate, resulting in slightly imperfect rotations of the plate about the
coil axis. To account for the imperfections in the rotations, an offset angle was introduced in the
fitting to simulate precession of the goniometer about the coil axis.
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For all crystals, 7Li NMR is clearly characterized by large resonance swings, on the order of
±1000ppm, centered around an isotropic shift on the order of ±10ppm. Assuming that the
paramagnetic hyperfine is the dominant interaction, the large swings seen for all crystals are
likely due to the through-space pseudocontact interaction between 7Li nuclei and the nearest
neighbor paramagnetic sites (Fe, Mn), as well as the anisotropic component of the fermi contact
interaction. In the case of LiMnPO4, Mays computed the contribution of the paramagnetic Mn
sites as well as the Mn-neighboring O sites; the additional pseudocontact contribution was found
to be minimal163. The principal values, isotropic shift, and principal axes of 7Li shift tensor can
be seen below for each crystal. It is important to note that the principal components and axes for
the mixed crystals are for the entire chemical shift tensor; while attempts were made to separate
the chemical shift tensor into both pseudocontact and Fermi contact components, doing so
proved impossible without direct knowledge of either the hyperfine coupling constant A/ℏ or the
g tensor of the material. Such values have been measured experimentally and estimated through
first-principles calculations for pure LFP/LMP160,171,172, and a detailed analysis separating their
chemical shift tensors into their constituent parts is outlined later in this discussion.
Table 11: 7Li chemical shift tensor isotropic shifts, PAS eigenvalues and eigenvectors for the
LiFexMn1-xPO4 system. Isotropic shifts are compared with previous MAS studies.

x in LiFexMn1-

𝛿𝑖𝑠𝑜 (ppm)

xPO4

𝛿𝑖𝑠𝑜 (ppm)

Measured Principal components (ppm) and

Other

axes

works156
0

76

68

𝛿33 = 1330, 𝐸3 = [ −0.8168, 0.5578, −0.1473]
𝛿22 = −76.3 𝐸2 = [0.1387, 0.4377,0.8884]
𝛿11 = −1023, 𝐸1 = [0.5600,0.7052, −0.4349]
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0.25

50.1

59

𝛿33 = 1202, 𝐸3 = [−0.5233, −0.8424, −0.1285]
𝛿22 = −168, 𝐸2 = [−0.1277, −0.0715,0.9892]
𝛿11 = −881, 𝐸1 = [−0.8425,0.5341, −0.0701]

0.5

26.0

29

𝛿33 = 826.6, 𝐸3 = [−0.5120, 0.5335, −0.6732]
𝛿22 = −508.6, 𝐸2 = [0.8379, 0.4827, −0.2548]
𝛿11 = −239.9, 𝐸1 = [−0.1890, 0.6946, 0.6942]

0.75

0.98

-7

𝛿33 = 926.7, 𝐸3 = [−0.2201, −0.9491, 0.2254]
𝛿22 = −7.9, 𝐸2 = [0.5006, 0.0884, 0.8611]
𝛿11 = −915.8, 𝐸1 = [−0.8372, 0.3023, 0.4557]

1.0

−21

-15

𝛿33 = 928, 𝐸3 = [0.377,0.8798,0.2896]
𝛿22 = −192, 𝐸2 = [0.3734, −.4305, 0.8217]
𝛿11 = −799, 𝐸1 = [−0.8476, 0.2016,0.4908]

As seen in Table 11, the highest 7Li isotropic shift is seen in pure LMP and decreases steadily
with increasing Fe content. This can be understood by looking at the electronic configuration of
the neighboring TM ion. In the FeO6 octahedra, the Fe2+ 3d4 orbital splits into two, with three
electrons in the higher energy t2g orbital and one in the lower energy eg orbital173. On the other
hand, Mn2+ in this configuration has five unpaired electrons, three t2g and two eg. Both
configurations have been confirmed to be in the high-spin state by previous Mossbauer
studies174. The relatively low magnitudes of these shifts indicate a low covalency of the TM-OLi bond. The isotropic values were compared with those found from MAS studies on
polycrystalline samples and can be seen in Figure 46 below.
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Figure 46: Plot of the Fe composition dependence on the isotropic chemical shift, as seen in MAS and
Single Crystal NMR.
From this graph, it seems that the dependence of the Fe composition on the chemical shift differs,
depending on the method used; while MAS NMR shows a sigmoid trend, Single Crystal-based chemical
shifts appear to exhibit a more linear trend. In the case of the endpoints, the discrepancy can be explained
by the fact that these shifts are temperature dependent; MAS measured shifts were recorded at a higher
temperature, due to frictional heating incurred during spinning. Reimer et al. measured the temperature
dependence on the chemical shifts for both LFP and LMP171, which indicates a decreasing shift for LMP
and increasing shift for LFP with increasing temperature. However, to date the exact temperature and Fe
composition dependence on the isotropic shifts of the mixed system has yet to be understood.

6.4.2 - 31P NMR
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For 31P, the observed resonance in each spectrum primarily comes from the paramagnetic
hyperfine interaction:

𝜈𝑠ℎ𝑖𝑓𝑡 ∝ 𝑰 ∙ (𝑫 ∙ 𝒈 ∙ 𝒈 +

𝐴
𝒈) ∙ 𝑩𝟎
ℏ

(𝟔. 𝟏𝟐)

Owing to having spin ½, 31P NMR is not affected by the quadrupolar interaction. The resonances
for 31P are characterized by broad peaks, large isotropic shifts and shift anisotropies, likely due to
the number of P-O-TM and P-O bonds that exist in the system. To ameliorate the broadening,
previous 31P studies were attempted on this system by previous members of our group at lower
field (2T)175, but the lower signal-to-noise ratio combined with the small crystal size led to
prohibitively long acquisition times; the current study trades spectral resolution for shorter
acquisition times (~3h − 1d per spectra). Additionally, XRD measurements indicated a small
degree of twinning in all crystal. This appears in the 31P spectrum as a second peak which closely
follows the first. For the purposes of this study, all fits were done on the stronger set of peaks.
It is known for both LMP and LFP that there are four crystallographically equivalent sites in the
unit cell. The xz plane acts as the mirror plane for these sites, and rotations about the crystal
[010] axis breaks the symmetry, leading to the rise of two 31P peaks, while rotations about [100]
and [001] yield one resonance peak. Attempts to fit both phosphorus tensors were unsuccessful
due to the broad resonances except in LFP, and thus most of the fits are in terms of one tensor.
31

P rotation plots for each crystal can be found in Figures 47-51 below.
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Figure 47: 31P rotation plots of LiMnPO4 from 𝟎° ≤ 𝜽 ≤ 𝟏𝟖𝟎°. Paramagnetic broadening and slight
crystal alignment led to deviations of the spectra from idealized fits.
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Figure 48: 31P rotation plots of LiFe.25Mn.75PO4 from 𝟎° ≤ 𝜽 ≤ 𝟏𝟖𝟎°.
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Figure 49: 31P rotation plots of LiFe0.5Mn0.5PO4 from 𝟎° ≤ 𝜽 ≤ 𝟏𝟖𝟎°.
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Figure 50: 31P rotation plots of LiFe.75Mn.25PO4 from 𝟎° ≤ 𝜽 ≤ 𝟏𝟖𝟎°.
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Figure 51: 31P rotation plots of LiFePO4 from 𝟎° ≤ 𝜽 ≤ 𝟏𝟖𝟎°.

The rotation plots for 31P can be seen in Figures 47-51; the red spectra denote idealized fits
using components of the chemical shift tensor. In general, the overall resolution of the 31P
spectra is lower than that of 7Li, as the greater Fermi contact interaction contributes to significant
broadening; this can especially be seen in the mixed crystals. Much like the 7Li spectra,
paramagnetic broadening and goniometer plate misalignment led to deviations of the ideal
fittings from the experimental data. Moreover, the effect of crystal twinning introduced
difficulties in determining which set of peaks to follow.
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From the rotation plots, it’s clear that the phosphorus site in these materials experiences a wide
range of isotropic shifts, from 3300-8500ppm, suggesting that the isotropic shift is dependent on
the relative TM composition as seen in 7Li. However, the greater magnitude of the shifts
indicates that the TM-O-P bond is strongly covalent. Table 12 below contains the measured
isotropic shifts, principal components, and axes for each crystal.
Table 12: 31P chemical shift tensor isotropic shifts, PAS eigenvalues and eigenvectors for the
LiFexMn1-xPO4 system. Isotropic shifts are compared with previous MAS studies.

x in LiFexMn1-xPO4

𝛿𝑖𝑠𝑜 (ppm)

𝛿𝑖𝑠𝑜 (ppm)

Measured Principal components (ppm)

Other

and axes

works156
0

8426

7879

𝛿33 = 9026, 𝐸3 = [0.7071, 0, 0.7071]
𝛿22 = 8226, 𝐸2 = [0.7071, 0, −.7071]
𝛿11 = 8026, 𝐸1 = [0, −1.00, 0]

0.25

7125

-

𝛿33 = 6619, 𝐸3 = [−0.5106,0.5879, −0.6274]
𝛿22 = 7247, 𝐸2 = [0.0868, 0.7612, 0.6426]
𝛿11 = 7510, 𝐸1 = [−0.8554, −0.2736, 0.4397]

0.5

5626

-

𝛿33 = 5188, 𝐸3 = [−.6912, .1495, .707]
𝛿22 = 5769, 𝐸2 = [.3613, .9188, .1589]
𝛿11 = 5922, 𝐸1 = [−.6258, .3653, −.6891]

0.75

4126

-

𝛿33 = 4451, 𝐸3 = [.8893, −.3673, .2725]
𝛿22 = 3989, 𝐸2 = [.3739, .9270, .0294]
𝛿11 = 3938, 𝐸1 = [−.2635, .0756, .9617]

1.0

3675

3350

𝛿33 = 2680, 𝐸3 = [.7594, 0, −.6506]
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𝛿22 = 4147, 𝐸2 = [0.6506,0, .7594]
𝛿11 = 3200, 𝐸1 = [0,1.00,0]

From the table, LFP exhibits the lowest isotropic shift, at 3558ppm, while LMP maintains the
highest shift at 8426ppm. Comparing these shifts with MAS studies on polycrystalline powders
provides the same rough agreement, with some room for error due to the temperature dependent
shifts, as seen in 7Li.

An ongoing question regards the transition metal distribution in the mixed system: whether there
is a random, probabilistic distribution of Fe/Mn at the TM site or phase separated regions of LFP
and LMP. In growing LiFexMn1-xPO4 of various compositions, Hong et al. showed through
Energy Dispersive Spectroscopy (EDS) a uniform distribution of Fe2+ and Mn2+ throughout the
sample, from 0 < x < 0.2154. Grey et al., in their MAS/DFT study on polycrystalline samples,
calculated the strength of the fermi contact interaction in the mixed system assuming a uniform
distribution, and found good agreement with experiment156. In the case of Single Crystal NMR,
the assumption of phase separated regions of LFP/LMP would manifest in the 31P spectra as a set
of two resonances centered near 3500ppm and 8000ppm, with relative intensity ratios equal to
the ratio of Fe/Mn in the sample. The observation that the mixed crystals exhibited single
resonances (apart from some twinning peaks) throughout further lends credit to the argument that
the transition metals are uniformly distributed.
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As the lattice structure of LFP and LMP is known, the Principal Axes of the respective chemical
shift tensors may be plotted on the unit cell to give insight on the primary directions of greatest
magnetic interaction.

Figure 52: Unit cell of LiFePO4 with 7Li (green) and 31P (purple) principal axes. Magenta corresponds
to the axis with the most positive chemical shift, cyan the middle positive, and blue the least positive
shift.

Figure 52 shows the principal axes for both 7Li and 31P on the LFP unit cell. Although not
perfectly coincident with the crystal axes, the 7Li principal axis corresponding to the greatest
positive shift (magenta) almost nearly coincides with the crystal [010] axis, with the other two
axes nearly lying on the xz plane. Previous 7Li single crystal studies on LFP yielded the EFG
principal axes, which found the strongest electric field gradient also lying along [010]162. This
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correlates with electrochemical studies on LFP, which has been shown to have the greatest ionic
conductivity along [010]176.

The principal axes for 31P are also displayed for LFP in Figure 52. As stated earlier, the xz plane
acts as a mirror plane for the phosphorus sites, and thus the two sites share the same tensor, but
with the principal axes shifted by 180°. One can see that the greatest 31P chemical shift lies in
the plane formed by the nearby P-O-Fe bond, and indeed points directly in the direction of Fe.
Given the high isotropic chemical shift, this axis primarily corresponds to the Fermi Contact
Interaction, where unpaired electron spin density is transferred from Fe, through the Fe-O bond,
and interacts with the 31P nucleus.

Figure 53: Unit cell of LiMnPO4 with 7Li (green) and 31P (purple) principal axes. Magenta
corresponds to the axis with the most positive chemical shift, cyan the middle positive, and blue the
least positive shift.
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Figure 53 shows the principal axes for both 7Li and 31P on the LMP unit cell. The 31P principal
axes for LMP largely follow that of LFP, with the difference being that the axis corresponding to
the least paramagnetic shift lies along [010], while for LFP it lies along the xz plane. The
greatest shift once again lies in the plane of the P-O-Mn bond, and points directly towards Mn.
The greatest difference between LFP and LMP lies in the 7Li axes; whereas the greatest shifts lie
along [010] for LFP, LMP sees its greatest shift in the plane of the Li-O-Mn bond, and points
directly towards the Mn site.

6.4.3 – Hyperfine Shift Tensor Deconvolution of LiFePO4 and LiMnPO4

For both LFP and LMP, previous experimental measurements of the g-tensor and knowledge of
the lattice structure allows us to separate the measured shift tensor into both the pseudocontact
𝐴

and hyperfine contributions. In addition, the hyperfine coupling constant ℎ (MHz) for each
nucleus can be explicitly calculated from the Fermi contact term. This separation has been
performed previously in studies using first-principles calculations160, and thus this attempt acts as
an experimental check on such computations.

To perform the separation, a MATLAB program, Hyperfine_build, was written to compute both
the pseudocontact and fermi contact terms from the experimental shift tensor; the program can be
found in the supplementary information. Given a set of lattice parameters and paramagnet
positions, the dipole sum for a given nucleus can be computed over an n x n x n shell of unit cells
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(𝑛 ≤ 2). From eq. 2.61, the pseudocontact term can be calculated. In the crystal frame, the gtensor is estimated as:
⃡ + 𝚫𝒈
𝒈 = (𝑔𝑒 + Δ𝑔𝑖𝑠𝑜 )𝟏

(𝟔. 𝟏𝟑)

where 𝑔𝑒 + Δ𝑔𝑖𝑠𝑜 is the free electron g-value and isotropic relativistic correction, and 𝚫𝒈 is the
anisotropic relativistic correction, a traceless rank-2 tensor. As there is only experimental data on
𝑔𝑒 + Δ𝑔𝑖𝑠𝑜 , the program does not consider terms involving 𝚫𝒈; this approximation is done as
𝚫𝒈 is considered small160. Once 𝑫 ∙ (𝑔𝑒 + 𝑔𝑖𝑠𝑜 )𝟐⃡
𝟏∙⃡
𝟏 is calculated, the corresponding anisotropy
is found, and the tensor is subtracted from the measured shift tensor to find the Fermi contact
contribution. The resulting tensor is equated with RHS of eq. 2.68 to estimate the hyperfine
coupling constant.
The lattice structure of LFP and LMP were taken from the Materials Project177, and the lattice
constants were averaged from those measured by direct XRD and those calculated by Materials
Project. EPR studies on the magnetism of LFP and LMP yielded experimental isotropic g-values
of 2.12172 and 1.99178, respectively. As the bulk magnetic properties can also affect the
paramagnetic shifts, the temperature dependence in the calculation is shifted by the measured
Weiss Constant Θ for each material. Susceptibility studies on LFP and LMP yielded Weiss
average constants of -161K179 and -69K178–180, respectively. The measurements were taken at the
lab temperature of 294K.
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Table 13: Tensor isotropic shift, shift anisotropy, and asymmetry for (a) the entire chemical shift tensor
and (b) the separated pseudocontact and Fermi contact shifts.

(a)
Chemical Shift Tensor (PAS)
δiso (ppm)
Δ (ppm)
η
31

P

7

Li

LiFePO4

3342

804

0.7

LiMnPO4

8426

600

0.3

LiFePO4

-21

948

0.6

LiMnPO4

76

1253

0.8

(b)
Pseudocontact Term (PAS)
δiso (ppm) Δ (ppm)
η
31

P

7

Li

Fermi Contact Term - Isotropic (PAS)
δiso (ppm) Δ (ppm)
η

Fermi Contact Term - Anisotropic (PAS)
δiso (ppm)
Δ (ppm)
η

LiFePO4

0

936

0.4

3350

0

0

0

-997

0.7

LiMnPO4

0

1569

0.4

8426

0

0

0

-1235

0.9

LiFePO4

0

1317

0.2

-20.3

0

0

0

-1910

0.6

LiMnPO4

0

2120

0.2

76

0

0

0

-2025

0.1

A few observations can be drawn from Table 13 above. The pseudocontact shift anisotropy
decreases going from LMP to LFP, denoting a decreased dipolar interaction between the
paramagnet site and the nucleus. This is consistent with measurements of the effective magnetic
moment of LFP (5.2𝜇𝐵 )181 and LMP(5.8𝜇𝐵 )182. Additionally, since the PAS of the Fermi contact
term and the g-tensor are coincident, the presence of a large Fermi contact shift anisotropy for
both LFP and LMP implies a significant g-anisotropy, suggesting large spin-orbit couplings at
the TM sites183.
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Once the isotropic Fermi contact term was separated, the hyperfine coupling constant, A/h, could
be estimated. For 7Li, A/h was estimated to be 55kHz and 116kHz for LFP and LMP,
respectively. This is close to previously measured hyperfine coupling constants for these
materials, which were estimated at 76kHz and 136kHz for LFP and LMP179. By the same
calculation, the 31P hyperfine coupling constants were estimated to be 9.2MHz and 13.4MHz,
respectively, significantly higher than that of 7Li.
For comparison, the Fermi contact and pseudocontact terms were compared to terms calculated
by Pigliapochi et al., who calculated the g-tensor and paramagnetic NMR shifts for various
transition metal phosphates160. Notably, the pseudocontact shift anisotropies, while not exactly in
agreement, follow the same decreasing trend when going from Mn to Fe. However, a few major
differences are clear. The DFT-computed isotropic shifts are considerably higher for both LFP
and LMP than those found from NMR, even when accounting for higher temperatures. As the
computed isotropic values of the g-tensor fall close to what has been found experimentally, this
could be due to an overestimation of the Hyperfine coupling constants. The other difference lies
in the Fermi contact shift anisotropy, with computed anisotropies discrepant by an order of
magnitude in 31P, and nearly 3 orders of magnitude in 7Li.
6.5 – Conclusion
We utilized 7Li and 31P single crystal NMR Spectroscopy to characterize the magnetic structure
of the mixed transition metal phosphate system LiFexMn1-xPO4 (x = 0, .25, 0.5, 0.75, 1.0). As an
experimental technique, single crystal NMR contains a wealth of information on local magnetic
interactions that are commonly averaged out in powder MAS. Our prototype device reduced the
error in marking and alignment of the crystal in the NMR coil, one of the major obstacles in this
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technique. For 31P, the ease in fitting the resonance peaks with one tensor, as well as the
observation of the resonance shifting across a 5000ppm range suggests that LFMP exists as a
solid solution, where Fe and Mn are uniformly distributed.
The rotation plots for 7Li revealed a resonance range of ±1000ppm, with an isotropic shift on
the order of ±10ppm, suggesting that the pseudocontact (PC) interaction is dominant. For 31P,
the resonance range was approximately ±2000ppm, with isotropic shifts ranging from 3350 −
8000ppm, showing good agreement with MAS NMR studies on polycrystalline samples and
suggesting that the both the Fermi contact (FC) and pseudocontact interactions are prevalent. We
also utilized MATLAB simulations to calculate the tensor PAS’s and correlated them with the
crystal structure in the case of LFP and LMP. Finally, for LFP and LMP the chemical shift tensor
was separated into the constituent Fermi contact and pseudocontact terms. These terms were
compared with those computed from DFT studies, which found agreement on the pseudocontact
shift anisotropy, but was shown to over and underestimate the isotropic shifts and the Fermi
contact anisotropy, respectively. Because the lattice structure of LFMP is not explicitly known,
due to the probabilistic placement of Fe/Mn atoms in the TM site, the chemical shift tensors for
these materials cannot be separated in the same way. At first glance, it may be possible perform
this separation by calculating the individual PC shift over permutations of Fe and Mn and taking
an average, and assuming that the g-values for the mixed system follow some linear combination
of LFP and LMP. This work is currently underway.
6.6 – Supplementary information – Hyperfine_build program
function [] = Hyperfine_build(LiDeL,PDeL,atom,lattice,positions,phos)
%Chemical Shift Tensor separation program, written by D.Morales 2021
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%Computes the individual paramagnetic contact (Fermi Contact) and
%dipolar coupling (pseudocontact) terms,
%both in the crystal frame and PAS - for LiMnPO4 and LiFePO4
%Dipolar term is first computed in crystal frame, then subtracted from
%experimental shift tensors for Contact component
%LiDeL is the 7Li experimental shift tensor, PDeL is the 31P experimental
shift
%tensor (crystal frame)
%atom = "Fe" or "Mn", depending on which crystal being computed
%lattice is lattice vectors in angstrom units, lattice = 3 x 3 matrix,
diagonals are a,b,c
%lattice constants, off diagonals are 0
%positions are fractional atomic positions of paramagnetic sites in the unit
cell
%positions = 3 x n matrix, positions(:,n) = distance vector of nth site
%phos are the fractional coordinates of the phosphorus site for 31P
%calculations

Lipos = lattice * [0.5; 0.5; 0.5]; %center Li site
Ppos = lattice * phos;
ge = 2.00231930436256; %free electron g value
%experimental g values and weiss constants for Fe and Mn respectively, found
in Pigliapochi et al.
if atom == "Fe"
giso = 2.12 - ge;
theta = -161;
S = 2; %4 unpaired d electrons
elseif atom == "Mn"
giso = 2.00 - ge;
theta = -69; %averaged values referenced from doi.org/10.1039/c1dt10515a,
doi.org/10.1021/ja017838m, and doi.org/10.1016/j.jcrysgro.2009.01.090
S = 2.5; %5 unpaired d electrons
end
%constants, in SI units
muB = 9.274009994e-24;
T = 294.261; %Lab temperature, 70 deg F
k = 1.38064852e-23;
gam = [17.235; 16.546]; %gyromagnetic ratios of 31P and 7Li in MHz/T
mu0 = 4*pi*1e-7;

%chemical shift tensor PAS
[Lvec,Lprin] = eig(LiDeL);
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[Pvec,Pprin] = eig(PDeL);
%%
%Dipolar terms
LiD = dipsum(Lipos,lattice,positions);
PD = dipsum(Ppos,lattice,positions);

LiPC = 1e6*mu0*muB^2*S*(S+1)/(3*k*(T - theta))*((ge+giso)^2)*(LiD*1e30);
PPC = 1e6*mu0*muB^2*S*(S+1)/(3*k*(T - theta))*((ge+giso)^2)*(PD*1e30);
[~,~,~,Lidel1,Lieta1] = stats(LiPC);
[~,~,~,Pdel1,Peta1] = stats(PPC);

%%
%Contact terms and hyperfine coupling constant calculations
%Isotropic Fermi contact term
Lihyp = LiDeL - LiPC;
Phyp = PDeL - PPC;

[~,~,Liso,Liisodel,Liisoeta,Liisoprin] = stats(Lihyp);
[~,~,Piso,Pisodel,Pisoeta,Pisoprin] = stats(Phyp);
%Anisotropic Fermi contact term
Lianiso = Lihyp - Liso*eye(3);
Paniso = Phyp - Piso*eye(3);
[~,~,~,Lidel2,Lieta2] = stats(Lianiso);
[~,~,~,Pdel2,Peta2] = stats(Paniso);
%Hyperfine coupling constant estimation
LiA = Liso*1e-6*3*k*(T - theta)*gam(2)/(muB*S*(S+1))/(ge+giso)*2*pi;
PA = Piso*1e-6*3*k*(T - theta)*gam(1)/(muB*S*(S+1))/(ge+giso)*2*pi;
save calculated_params.mat LiDeL PDeL LiD PD ...
Lidel1 Lieta1 Lidel2 Lieta2 Pdel1 Peta1 ...
Pdel2 Peta2 Lihyp Phyp Lprin Pprin Liso Liisodel Liisoeta Liisoprin ...
LiA Piso Pisodel Pisoeta Pisoprin PA LiPC PPC Lvec Pvec
end
function D = dipsum(nucsite,lattice,positions)
tic;
alat = lattice(:,1);
blat = lattice(:,2);
clat = lattice(:,3);
metalpositions = lattice * positions;
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n = 0;
D = zeros(3); %init D tensor
B = zeros(3); %init convergence check tensor
continuenow = true;
while continuenow
if mod(n,2) == 0
fprintf('Checking sum in a %d x %d x %d shell...\n', n,n,n)
end
for a = -n:n %dipole sum
for b = -n:n
for c = -n:n
for z = 1:length(metalpositions)
ra = (metalpositions(:,z) + (a*alat) + (b*blat) +
(c*clat)) - nucsite;
rb = ra/norm(ra);
D = D +(1/(4*pi)*(((3*(rb*rb')) - eye(3))/norm(ra)^3));
end
end
end
end
if(all(abs((D-B)) < .0005)) %convergence condition, makes sense if n < 3
due to 1/r^3 dependence
continuenow = false;
else %starts new iteration
B = D;
D = zeros(3);
n = n + 1;
end
end
t = toc;
fprintf('The calculation converged after n = %d, in %d seconds\n\n', n,t)
end
function [v,d,iso,del,eta,prin] = stats(matrix)
%takes a rank 2 tensor, diagonalizes it, then calculates by herlerben
%convention:
%|d33 - iso| > |d11 - iso| > |d22 - iso|
%isotropic value iso = (d11 + d22 + d33)/3
%anisotropy del = d33 - iso
%asymmetry parameter eta = (d22 - d11)/(iso - d33)
[v,d] = eig(matrix);
iso = trace(d)/3;
dif = zeros(3,2);
for k = 1:length(matrix)
dif(k,1) = d(k,k);
dif(k,2) = abs(d(k,k) - iso);
end
dif = sortrows(dif,2,'descend'); prin = dif(:,1);
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del = prin(1) - iso;
eta = (prin(3) - prin(2))/del;
end
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